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CHAPTER 1.  GENERAL INTRODUCTION 
 
Introduction 
The United States is the largest producer and exporter of soybean [Glycine max (L.) 
Merr.] in the world with more than 80% of the soybean production located in the upper 
Midwest. Throughout the United States, Iowa is the largest producing state (NASS-USDA, 
2007). Farmers in the Midwest have adopted agronomic practices to increase yield like using 
narrow row spacing, early planting, herbicide tolerant crops, and higher yielding cultivars 
with better disease resistance. Even when agronomic practices are optimized, achieving 
maximum yield potential will be a function of the interaction between genotypes and the 
environment (Evans and Fischer, 1999).  
All cultivars have a maximum yield potential which is genetically determined. In the 
period from 1924 to 1980, cultivar improvement and agronomic practices increased soybean 
yields, at a rate of 21 kg ha-1 annually, with the majority of the yield increase attributed to 
breeding (Specht and Williams, 1984). The same authors found that new commercial 
cultivars have a narrow genetic background, and only twelve ancestral introductions 
contributed to 88% of the germplasm of 136 cultivars released from 1939 to 1981. Specht 
and Williams (1984) considered this a factor that may slow the rate of genetic improvement 
compared to the 1940s, when hybridization techniques were initiated. 
Genetic yield potential is only reached under optimum environmental conditions. 
However, such conditions rarely exist. Abiotic environmental factors such as excess or 
deficit of water, pH, temperature, oxygen, light, ozone, and nutrients will directly affect crop 
yields (Frederick et al., 1989; Kaspar et al., 2004). Biotic factors that negatively affect 
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soybean yield include fungal pathogens, bacterial pathogens, nematodes, and viruses 
(Wrather and Koenning, 2006). More than one hundred pathogens infest soybeans, with 35 of 
them economically important in the Unites States (Wrather et al., 2003). The estimated 
reduction in yield caused by fungi, bacteria, and nematodes in the period 1999 to 2002 
averaged 9.6 million metric tons in the United States (Wrather et al., 2003).  
Soybean yield has been stagnating during the last ten years. Many researchers have 
called this a yield “plateau” and many possible explanations have been proposed. One 
explanation relies on the build up of pathogen inoculum (fungi, bacteria, and nematodes) in 
areas like the Midwest that have intensively grown soybeans for decades in rotation with 
corn (Zea mays L.). One of the advantages of the corn and soybean rotation is the reduction 
of soybean cyst nematode (SCN, Heterodera glycines Ichinohe) populations (Chen et al., 
2001; Noel and Wax, 2003). The ability of cysts to remain viable for many years (Hartman et 
al., 1999), and the short corn-soybean rotation could explain reports of corn not effectively 
reducing nematode populations (Miller et al., 2006). Increasing populations of minor 
pathogens or “root nibblers” like Pythium spp. and rapidly growing mycorrhizae strains have 
also been associated with yield declines (Johnson et al., 1992).  
Under field conditions, the complexity of interactions between genotype and 
environmental stresses makes the effect of individual factors have on yield difficult to 
predict. Although light, precipitation, and temperature cannot be controlled, stress caused by 
biotic factors can be reduced by soil fumigation and pesticides. Reducing stress caused by 
biotic factors may result in an increased root health which could translate into soybean yields 
close to their genetic yield potential. In the last few decades, breeders may have focused on 
adding traits to new cultivars that benefit factors associated with the aboveground parts of the 
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plant without taking the root system into consideration. Roots should be able to develop 
under a high pathogen pressure, and also have desirable characteristics to support the high 
resource-demanding aerial part. 
Fumigation has been demonstrated to improve root health (Cook, 2000) and can be 
used as a tool to study the effect of root pathogens on yield. The build-up of pathogen 
inoculum in Iowa soil could have a negative impact on root growth. In addition, organisms 
considered minor pathogens could damage to root systems and reduce their efficacy. The fact 
that there are no Pythium or Rhizoctonia-resistant cultivars, the increased appearance of 
Phytophthora sojae races that defeat resistant genes, and the ability of these organisms to 
produce long-term survival structures, makes root health an important research topic. 
Thesis organization 
This thesis is organized into six chapters. Chapter one is the general introduction.  
Chapter two is an article to be submitted to Crop Science entitled “Root characteristics of 
four soybean cultivars under field conditions.” Chapter three is an article to be submitted to 
Agronomy Journal entitled “Arbuscular mycorrhizal colonization of soybean cyst nematode 
resistant and susceptible cultivars.” Chapter four is an article to be submitted to Agronomy 
Journal entitled “Arbuscular mycorrhizal colonization of soybean in response to three seed-
applied fungicides.” Chapter five is an article to be submitted to Plant Disease entitled 
“Early soybean root health and its association with yield.” Chapter six is the general 
conclusion of this project. Chapter two describes root characteristics of different soybean 
cultivars in response to fumigation at different locations in Iowa. Chapter three compares 
soybean mycorrhizal colonization between SCN-resistant and SCN-susceptible cultivars. 
Chapter four describes the effect of fumigation and different fungicide seed treatments on 
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mycorrhizal colonization of soybeans. Chapter five will describe how fumigation affected 
incidence of soilborne pathogens in soybean seedlings. 
Literature review 
Roots 
Root-related field research is scarce because experiments are typically labor 
intensive, and root tissues are hard to recover (Huisman, 1982). For that reason large number 
of samples is required to account for the variability, which also makes research on this are 
very expensive. The physical environment where roots grow is more heterogeneous than the 
environment where the aboveground part of the plant develops. The latter introduces many 
variables that complicate interpretation of results and narrows the inference of field 
experiments designed to study roots. Differences in root development are genetic, and are 
affected by practices like irrigation, row spacing, and soil depth (Mason et al., 1980; Scheiner 
et al., 1995).  
The primary functions of root systems consist of supplying water, nutrients, and 
anchorage to plants (Fitter, 2002). Roots also release chemicals signals that regulate response 
to water stress (Hose et al., 2002; Liu et al., 2004), initiate symbiotic associations (Clarkson, 
1985), modify soil structure (Auge, 2004), modify the rhizosphere, and consequently, interact 
with soil microorganisms (Huisman, 1982). 
The role of the root system varies according to the environment where the plants are 
grown. For example, on very fertile soils where nutrients are readily available, root 
characteristics may not be as important as in soils where nutrient availability is low and roots 
are required to penetrate deep in the soil to acquire nutrients and water (Atkinson, 2000). 
When plants are grown under limited nitrogen (N) and phosphorus (P) availability, roots 
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become stronger sink for photosynthates than the aerial part of the plant, because they are 
less limited for P than the shoot (Clarkson, 1985). In soybean, an extensive root system may 
also provide more infection sites for nodulation (Pantalone et al., 1996a) that could be 
translated into higher seed protein content (Pantalone et al., 1996b), but not necessarily 
higher yields.  
A healthy root system should satisfy plant demands for water and nutrients, and also 
tolerate infection by a wide range of soilborne pathogens. Early in the season in Iowa, plants 
are exposed to soilborne pathogens that persist in the soil year after year, that cannot be 
managed by crop rotation, and may require seed-applied fungicides at planting (Hartman et 
al., 1999). These organisms include Phytophthora sojae, Pythium spp., and Rhizoctonia 
solani, which infect roots and will affect its growth depending on the time of infection and 
environment (Rizvi and Yang, 1996). These pathogens can cause root rot, seedling blight, 
and damping off. When infections persist in the roots and move upwards in the plant, yield 
losses can occur (Hartman et al., 1999). Root infecting pathogens can reduce absorbing 
surface area, especially of lateral roots and thus, water and nutrient uptake will be limited 
(Kramer and Boyer, 1995).  
Many factors interact with roots, and make research in this area very complex. In an 
agroecosystem, the aboveground parts of the crop will be exposed uniformly to changing 
atmospheric conditions, while the below ground parts will be affected by climate, 
topography, beneficial organisms, pathogens, soil fertility, texture, aeration, and compaction 
(Clarkson, 1985; Fitter, 2002).  
There are many factors that affect growth and the ability of the roots to supply water 
to the rest of the plant. Those include distribution, depth, mycorrhizal colonization, nitrogen, 
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phosphorus, growth stage of the plant, soil properties and temperature (Boyer, 1985; 
Dardanelli et al., 2004). Modifying any of these factors will directly affect plant 
performance. 
Factors that affect water absorption include the soil properties, root architecture, and 
the ability of roots to absorb water (Doussan et al., 1998). 
Root function and soil properties 
The amount of water transpired by a plant is generally greater than the total water 
content of that plant, which explains why when water lost by transpiration is not replaced 
effectively, plants will then wilt and die (Kozinka, 1992; Kramer and Boyer, 1995). Soil 
properties like texture and structure have direct and indirect effects on root growth, by 
restricting water availability and aeration (Kramer and Boyer, 1995). The latter situation 
“breaks” the continuum of water flow from the soil to the plant, and the plants will wilt. 
Under the opposite conditions (excess of water and poor aeration), stress occurs because 
permeability to water decreases as the resistance to water entry increases (Boyer, 1985; 
Kramer and Boyer, 1995). Soils with high clay content and the presence of hardpans will 
restrict root extension by imposing a physical barrier (Grecu et al., 1988) that may also 
reduce nodulation (Lindemann et al., 1982). Under these conditions, the resistance to root 
penetration in the soil is high, and the plants will invest twice the energy required to establish 
a root system in a friable soil (Kirkham, 2005).  
The nutrient availability in the soil directly affects root growth. It has been 
documented that soybeans growing in soils with low pH are exposed to high aluminum 
concentration in the soil solution, had smaller tap root length, and decreased the amount of 
lateral roots (Ferrufino et al., 2000). Phosphorus deficiency limits total plant and root growth. 
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Wang et al. (2004) found for soybeans a positive correlation between P status in the plant and 
root hair density, although the response to P will varied to plant species (Watt and Evans, 
2003). Calcium concentration and mechanical barriers are among the factors that influence 
root hair production. Reduced lateral root formation and distortion of roots has been related 
to calcium deficiencies (Clarkson, 1985; Simpson et al., 1977). 
Root architecture 
Water and minerals with very low mobility in the soil, like P, will be more available 
to plants that have the ability to explore larger soil volumes (Huisman, 1982; Wissuwa, 
2003). As mentioned in the previous section, size is a relative term that depends on the 
environment where plants grow. As an example, under low nitrogen and phosphorus 
availability, the size of the root system can be increased relative to the leaf area.  
Root system efficiency 
According to Boyer and Kramer (1995), efficiency of the root system depends on 
characteristics like depth, spread, horizontal extension (centimeter of roots per cubic 
centimeter of soil), and permeability.  
Fiscus and Markhart (1979) found that as Phaseolus plants matured, conductance of 
the root system also increased. The authors suggested that this increase was due to increased 
root growth, because of a slight change of conductivity per unit of root surface or per unit of 
leaf area. If water and solutes enter roots more efficiently through the region behind the 
elongation zone (Boyer, 1985), then, continuous root growth and root hair formation would 
maintain the absorption areas to supply the plants demands.  
Rincon et al. (2003) described two factors that affect water movement in the roots: 
radial movement (from the outside, in and represents the greater resistance) and axial 
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movement (through xylem vessels, limited by the diameter of the vessels). Small radius also 
gives fine roots greater transport efficiency. The latter is one of the reasons why fine roots 
are produced when plants are grown in a low-nutrient environment (Fitter, 2002; Rieger and 
Litvin, 1999). Thicker roots may protect the plants against herbivores or are necessary to 
penetrate compacted layers of soil (Fitter, 2002).The ability of thick and suberized roots has 
been debated and it seems to be more important for woody species. Rieger and Litvin (1999) 
compared roots of soybean and two more herbaceous species to two woody species. The 
authors found that hydraulic conductivity was inversely related to root diameter and the 
width of the cortex, which suggested that resistance to water flow was not imposed just by 
one layer of cells but by the thickness of the radial pathway to the vascular bundles 
(diameter).  
Root characteristics 
There are several parameters that have been used in the literature to describe 
characteristics of root systems and these include root length, root length density, root depth, 
root extension, root weight, root volume, and root diameter. According to Atkinson (2000), 
root length gives information on the potential for absorption of nutrients or water from soil. 
Root length density is the length of root present in a unit of volume of soil to or at a specific 
depth and indicates probable limitations to soil nutrient and water exploitation. Root weight 
is an indicator of the amount of assimilates moved below ground, while root volume is the 
space occupied by the roots. The root diameter provides information on potential for 
mycorrhizal development, regulation of water stress, potential for apoplast-symplast 
exchange, growth potential influences, and response to soil physical conditions (Atkinson, 
2000). 
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Soybean roots 
Quantitative data on root growth and density under field conditions are sparse. This 
applies to many crops, including soybeans, where very few studies have included roots for 
cultivar comparisons. Soybean root system consists of a taproot and a large number of 
secondary roots from which smaller roots develop (Mitchell and Russell, 1971). Most lateral 
roots emerge from the upper 10 to 15 cm and remain more or less horizontal but to some 
extend obliquely to a depth of 40 to 75 cm (Mason et al., 1980; Mitchell and Russell, 1971). 
In soybean, as in several plant species, under low water stress there is a reduction of shoot 
growth and the root growth is favored simply to increase acquisition of water and nutrients 
(Silvius et al., 1977). 
Raper and Barber (1970) compared the efficiency of root systems of two soybean 
cultivars to supply nutrients, particularly potassium. They hypothesized that even when some 
cultivars are able to develop larger root systems, they may not be as efficient. Under single 
pot growing conditions, the cultivar Aoda had smaller root system than Harosoy 63, but the 
potassium uptake for Aoda was higher than for Harosoy 63. There was no difference in 
potassium absorption between the two cultivars when competition among plants came into 
place. The author suggested that under low nutrient conditions, Harosoy 63 would still have 
an advantage due to a larger root system than Aoda.  
Sloane et al. (1990) worked with PI416937, a plant introduction (PI) that had been 
documented to tolerate drought (Goldman et al., 1989). The authors found that this PI, grown 
out its area of adaptation, had higher yields and greater turgor pressure than a cultivar 
commonly used in the area. Hudak and Patterson (1995) also investigated the same cultivar 
and found that root mass, volume, and relative surface area were higher than for the cultivar 
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Forrest. The growth rate for PI416937 declined slower than Forrests’ and the authors 
attributed this to the differences in root systems.  
The various reports about the potential of PI416937 raised interests in other 
researchers. In 1996, Pantalone and collaborators found that PI416937 had a high protein 
seed content, ,which correlated with high root scores, probably due the high-fibrosity root 
system that leads to increased nitrogen fixation. In a subsequent study, the same authors also 
found that the root score was positively related with nodule weight and number, and root 
surface area (Pantalone et al., 1996b). Experiments conducted by Ferrufino et al. (2000) to 
compare root systems for aluminum tolerance, found that PI416937 had greater root length 
than the other genotypes, and this cultivar had been reported to present high drought 
tolerance under field conditions.  
Mayaki et al. (1976) conducted an extensive study to compare whole plant growth 
(including roots) between irrigated and non-irrigated soybeans. The authors reported that at 
physiological maturity, 67% of the root system’s dry matter was in the top 15 cm.  
In Iowa, Mason et al. (1980) found that soybean plants in non-irrigated land 
developed longer roots than in irrigated plots, and root length was greater at 0.25 m row 
spacing than at 1 m row spacing. They also found no difference in the rate of water uptake 
between deep and shallow roots.  
Biotic stress and yield  
In 1982, Boyer calculated average yields for the major crops in the United States and 
calculated that currently, soybeans and corn yield about 20% of their genetic potential. Boyer 
(1982) attributed most of those losses to unfavorable physical and chemical environments 
(water, radiation, nutrients, oxygen, and CO2), with a small contribution from insects and 
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diseases. Because disease incidence and severity depend on pathogen-host-environment 
interactions, it would be expected that those estimates would vary year after year. 
Contrastingly, Browning (1998) suggested average yield losses due to biotic factors may 
contribute equally to abiotic factors (Browning, 1998). Browning (1998) stated that the 
world’s agriculture is “sick,” not because lack of genetic potential, instead, by biotic and 
abiotic stresses. This means that breeding for yield should not be a priority and the focus 
should be on how to achieve that current genetic yield potential. 
Yield of newer cultivars of major crops has increased steadily compared to old 
cultivars due to breeding (Cook, 2000; Gaunt, 1995; Specht and Williams, 1984). However, 
it is often speculated that breeders have developed plants with the photosynthetic 
“machinery” to obtain high yield, without taking a healthy root system into account to 
support it, simply because of the limited sources of resistance to root pathogens (Palmer et 
al., 2004). Root systems represent a major portion of the total plant biomass, and in some 
cases, most of it. As a result of evolution, roots have acquired the ability to adapt to changing 
environments, especially where nutrients and water are limited (plasticity). Cultivated crops 
still conserve that plasticity, but information on the extent of this occurs is scarce.  
Palmer et al. (2004) listed the sources for soybean genetic resistance for foliar, stem, 
and root diseases. Interestingly, for fungal pathogens that infect plants through roots, most 
sources of resistance were for Phytophthora sojae, there were just three sources of resistance 
to brown stem rot (Phialophora gregata), and one for sudden death syndrome (Fusarium 
virguliforme). No resistance is available against Rhizoctonia solani or Pythium spp., which 
makes root health an area that needs to be strengthened. 
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Non host-specific pathogens, like Rhizoctonia and Pythium are not lethal for the plant 
when it matures, but may cause reduction in yield (Martin, 2003). In the United States, 
Wrather et al. (2003) reported that losses due to seedling diseases were around 560,000 
metric tons in the period from 1999-2002. In Iowa the estimates vary with losses as high as 
297,663 metric tons, to zero or “trace”losses (Wrather et al., 2003). In previous reports, 
seedling diseases are included as factors that contribute to yield losses (Wrather et al., 2001). 
The authors separate Phytophthora rot, Fusarium root rot from the category of seedling 
diseases, and do not specify the causal organism. This is important because pathogens that 
cause the same symptoms are Pythium spp. and Rhizoctonia solani. In 1996, the most 
important pathogens associated with seedlings in Iowa in increasing order of incidence were 
Pythium spp., Rhizoctonia sp., Phytophthora spp., and Fusarium spp. (Rizvi and Yang, 
1996). This is another reason why these organisms should be studied in more detail, as well 
as the way they limit yield.  
Agronomic practices can influence incidence of certain diseases. Pathogens that 
infect roots can become of greater concern under reduce tillage because many survive in 
plant debris, form survival structures, or remain as saprophytes in the soil (Bockus and 
Shroyer, 1998). In the Midwest, one simple and affordable agronomic practice that has been 
demonstrated to have direct positive impact on yield is early planting date (Oplinger and 
Philbrook, 1992; Pedersen and Lauer, 2004). Early planting date, however, has “risk factors” 
attached. Planting earlier in the spring, when conditions are still cool and wet may lead to a 
shift on the range of pathogens that infect soybeans in the seedling phase. As an example, 
Pythium spp. and Phytophthora spp. are favored by wet conditions, and under cool 
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conditions Pythium spp. will be more prevalent than Phytophthora spp. (Hartman et al., 
1999). 
Long before etiology of soil diseases was known, the German generic name for 
soilborne diseases was Bodenmϋdigkeit, which means “soil fatigue or tiredness” (Wilhem, 
1966). This is a term that still could be used, and describes in a simple way what occurs in 
soils dedicated to agriculture. The benefits of the “rotation effect” have been demonstrated 
for many crops, including the corn-soybean rotation (Cook, 2000; Pedersen and Lauer, 
2002). In the Midwest, there could be an emerging problem with this practice. There are 
already reports of the same Pythium spp. isolates to be pathogenic on both corn and soybean 
(Dorrance et al., 2004; Zhang and Yang, 2000) which suggests selection of pathogens can be 
occurring. The rapid development of new races of Phytophthora sojae might also be a 
consequence of this, which adds importance to these pathogens.  
Fumigation 
Fumigation has been used in various crops to assess the effect of soilborne pathogens 
on yield (Duniway, 2002; Hamm et al., 2003; Rodriguez-Kabana and Curl, 1980). It has been 
documented that fumigated soils are far from sterilized and the period of “recovery” of the 
soil microflora will vary according to the fumigant used and the specific soil conditions (An 
et al., 1990; Ladd et al., 1976; Warcup, 1976). 
Although the benefits of fumigation have been attributed to an increase in soil 
fertility, fumigation may enhance plant growth due the absence of pathogens or the increase 
in non-pathogenic microbe populations (Martin, 2003). Studies of the effect on fumigation on 
soybeans with methyl bromide and metham, resulted in greater root health (Gray, 1978) and 
higher yields (Kittle and Gray, 1982) when compared to non-fumigated plots. The highlight 
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of these experiments was the striking differences in root health between the plants in the 
fumigated plots and non-fumigated plots, and the isolation of pathogens from roots (Gray, 
1978; Kittle and Gray, 1982). The lateral root system from mature plants in fumigated soils 
was in good condition, compared to the non-fumigated plants, whose root system was 
decayed and the crown tissues were rotted (Gray, 1978; Kittle and Gray, 1982). The 
organisms associated with this were Phialophora gregata, Macrophomina phaseolina, 
Fusarium spp., and Phomopsis sp. Similar results were obtained by Sumner et al. (1985) in 
fumigated corn fields in Georgia, where fumigation caused a 7.5% increase in yield and 
suppressed diseases caused mainly by Pythium spp. and Rhizoctonia solani anastomosis 
group 4. Sumner et al. (1985) suggested that fumigation can be a useful tool to study root 
growth under low levels of pathogen inoculum. 
Experiments conducted by Ladd et al. (1976) and Ridge (1976) showed a drastic 
initial decrease of beneficial organisms after fumigation with chloropicrin. In the field 
experiment chloropicrin was more effective killing bacterial cells than methyl bromide up to 
28 to 75 days after application. In soil fumigated with 220 kg ha-1 chloropicrin, the 
fluorescent pseudomonad populations spread rapidly after fumigation, maybe because of the 
available organic matter and the lack of microbial competition. Ladd et al. (1976) and Ridge 
(1976) suggest a selective action of chloropicrin among microbial species within different 
soil types, by acting directly at the bacterium level or by changing competition levels. This 
has also been related to doses of fumigants, having higher bacterial populations with higher 
doses than with lower doses. Similar results were obtained by An et al. (1990), where 
fumigation with a mixture of methyl bromide and chloropicrin depleted most propagules of 
arbuscular mycorrhizae (AM) fungi in a soybean field. After one growing season, the 
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population of AM fungi had been recovered and the numbers were higher than in non-
fumigated soils. Von Qualen et al. (1989) reported a reduction in premature dying, Diaporthe 
seed infection, sudden death syndrome, and increased yields in soybean fields with 
conventional tillage treated with Metham. 
Warcup (1976) studied fungi survival and root colonization by pathogens after 
fumigation of a wheat field with a mixture of methyl bromide and chloropicrin. The author 
found fumigation killed most fungi in the soil and the survival was higher near the surface. In 
covered areas the fumigant killed 99.9 to 100% in the upper 7.5 cm of the soil profile, while 
in uncovered areas, the percentage ranged from 97 to 99%. The re-colonization study was 
made just with the fumigated plots that had been covered, because the high number of fungi 
in the uncovered made it difficult to separate the role of airborne fungi from the endemic 
populations. Re-colonization by fungi was slow 117 days after fumigation, but also varied 
within the field. It is not known if the high population of isolated bacteria influenced the re-
colonization by fungi. They isolated Pythium from both fumigated and non-fumigated soils 
and isolated it from both parasitized and healthy looking roots. Trichoderma spp. was 
common, but it was not the major colonizer.  
There are many reports of positive yield increases due to fumigation, although 
exceptions exist. Positive results in soybeans were obtained by Kittle and Gray (1982), who 
reported a yield increase of 26% when fumigation was combined with foliar fungicide 
applications; and by Weaver et al. (1985), who reported seed yield increase in the fumigated 
site as high as 396% when soybean fields were fumigated with ethylene dibromide. Negative 
results have been were reported by Jawson et al. (1993). The authors fumigated corn fields 
with methyl bromide that had been in continuous monoculture for two and four years to 
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compare yield to fumigated fields that had been under rotation with soybeans, oats, and 
clover. Unexpectedly, fumigation reduced yield in 7 out of 12 observations, and the highest 
reduction in yield (22%) occurred in the fields under the corn-soybean rotation. The decrease 
in yield was attributed to a reduction in beneficial organisms like mycorrhiza. A subsequent 
experiment was conducted in growth chambers using soil from the same locations 
(McCallister et al., 1997). The authors fumigated soil and showed that, even when AM 
colonization was reduced, the P content was the same in treated pots as in untreated pots, so a 
P deficiency was unlikely to be the cause for the yield decline reported by Jawson et al. 
(1993).  
Soilborne pathogens 
In regions where climate is predominantly cool, like the Midwest, seed bed conditions 
and temperature play an important role in determining the optimum planting date (Oplinger 
and Philbrook, 1992; Pedersen and Lauer, 2004). Optimum temperatures for germination are 
25 to 35oC although soybean germination will start at temperatures as low as 4oC (Hatfield 
and Egli, 1974).  
The risks associated with early planting of soybeans include frost, ponding or 
waterlogging, and pathogens. When ponding occurs, potential losses in germination depend 
on the duration of the event and to some extent, on temperature (Wuebker et al., 2001). The 
extent of damage caused by frost depends on the growth stage and percent of the plant tissue 
affected (Hume and Jackson, 1981). While frost and ponding do not always occur, 
germinating seedlings are exposed to soilborne pathogens under a wide range of conditions, 
so the potential damage from these organisms is always high. 
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Phytophthora sojae 
First report of root and stem symptoms in soybeans caused by P. sojae occurred in 
Indiana (1948) and Ohio (1951), and now it is widespread throughout the production areas of 
the United States (Hartman et al., 1999; Yang and Feng, 2001). In areas where soils have 
high clay contents or soils that remain saturated for long periods of time, P. sojae will reduce 
stand and limit yield (Dorrance and McClure, 2001). Phytophthora sojae host range is 
narrow and besides soybeans, it has been also reported to infect lupines as well (Jones and 
Johnson, 1969). 
Phytophthora rot can occur at any stage of development (Hartman et al., 1999). 
Despite that temperature has great influence on the pathogen life cycle. Sporangia can 
directly germinate (as conidia) at 25oC, or indirectly (as zoospores) at 14oC. Oospores 
germinate in the range of 21 to 24oC, but can survive without a host for years (Erwin and 
McCormick, 1971; Hartman et al., 1999). 
Management relies on genetic resistance (Rps genes) and tolerance. Tolerance to this 
pathogen (the ability of plants to survive infection) is also called rate reducing resistance, 
field tolerance, field resistance, and is not race-specific (Walker and Schmitthenner, 1984). 
Cultivars with partial resistance benefit from the use of fungicide seed treatments because 
emergence will be reduced if infection occurs at planting rather than at the seedling stage 
(Dorrance and McClure, 2001). In a recent survey conducted in Illinois it was reported that 
the high diversity of Phytophthora sojae races may be the cause for the poor performance of 
Phytophthora resistant cultivars (Malvick and Grunden, 2004). 
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Pythium spp. 
Pythium is ubiquitous in the soil and may contribute significantly to losses in 
productivity (Wilhem, 1966). Pythium spp. are commonly isolated from soybean seedlings 
(Schlub and Lockwood, 1981), with more than six species of Pythium that infect soybeans. 
The most common species are P. torulosum, P.ultimum, P. paroecandrum, and P. spinosum 
(Zhang et al., 1998). Symptoms include swollen hypocotyls, lesions at the junction of the 
hypocotyl and primary root, curling growth, and reddish cotyledons (Schlub and Lockwood, 
1981). When severe infection occurs, root tips are destroyed and lesions are visible on the tap 
root, which causes plants to look stunted and chlorotic. As a consequence of the damage to 
roots, plants are prone to wilting in dry period (Hartman et al., 1999).  
Pythium spp. differ in their requirement of temperature for growth, germination, and 
infection (Van der Plaats-Niterink, 1981). Water-saturated soil conditions are critical for 
zoospores motility and infection (Hartman et al., 1999). The pathogen survives as a 
saprophyte in plant debris or as oospores, like Phytophthora, that can remain in the soil for 
many years (Hartman et al., 1999; Van der Paats-Niterink, 1981). Soybean root exudates 
stimulate germination of oospores (Hartman et al., 1999). 
Disease incidence has been positively correlated to the number of days with 
continuous wet soil from planting (Schlub and Lockwood, 1981). Reduce tillage also favor 
Pythium spp. because more water is retained in the soil (Bockus and Shroyer, 1998). Damage 
to seedlings can be reduced by using high quality seed and seed treatments with different 
formulations of Metalaxyl (Hartman et al., 1999). No host resistance is available to control 
this pathogen (Hartman et al., 1999; Palmer et al., 2004). In Iowa, disease caused by Pythium 
spp. has gained attention. More than five species have been isolated from fields in Iowa 
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(Rizvi and Yang, 1996; Zhang et al., 1998). Interestingly, the recovery of pathogenic P. 
ultimum and P. torulosum in the corn-soybean rotation has been reported to be higher than 
under continuous corn (Zhang et al., 1998). 
Zhang and Yang (2000) showed that 71% of Pythium isolates from the soil were 
pathogenic to both corn and soybeans with 29% being very aggressive. Similar results were 
obtained in Ohio by Dorrance et al. (2004). They reported 85% of isolates from diseased 
seedlings to be pathogenic, and more than 50% to be highly aggressive to corn and soybeans. 
Rotation of soybean and corn does not manage damping off caused by Pythium spp. 
because oospores of Pythium can survive several years in the soil, and isolates can infect both 
corn and soybeans. This raises the question if we are selecting more pathogenic Pythium 
species with this agronomic practice, and perhaps, the damage to roots is inadvertently 
increasing. Because there is not genetic resistance available, Pythium incidence might be a 
good “root health” indicator. 
Rhizoctonia root rot (Rhizoctonia solani Kuhn) 
Rhizoctonia root rot is one of the most common pathogens that infect soybeans and it 
is widely distributed in the United States (Hartman et al., 1999; Yang and Feng, 2001). This 
pathogen has the potential to cause yield losses up to 48% in the United States (Hartman et 
al., 1999). Infected soybean plants have reduced root and hypocotyls weight compared to 
non-infested soils (Bauske and Kirby, 1992). Symptoms of seedling infected by Rhizoctonia 
include red brown streaks or lesions on the hypocotyls or lower stem. The point of infection 
is the hypocotyl, and if seedlings survive the damping off, lesions will be enlarged and 
expand to the root system. The enlarged lesions look like a brown dry rot. If infection persists 
and water deficit occurs, old plants may be stunted, weak, and in some cases wilt, because 
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the lateral roots are destroyed (Hartman et al., 1999). Dorrance et al. (2003) grouped isolates 
in those that cause seed rot and reduced plant stand; isolates that caused root rot with no 
effect on plant stand, and isolates that caused lesions in the hypocotyls with no reduction on 
stand. 
Rhizoctonia is a saprophyte that is favored by reduced tillage (Bauske and Kirby, 
1992; Bockus and Shroyer, 1998). Sexual spores (basidiospores) are not commonly seen and 
are not important in the development of damping off. The survival structures are sclerotia 
and mycelium in plant debris. Flooding and extreme high temperatures are detrimental for 
the population in the soil (Hartman et al., 1999). 
According to the compatibility of hyphae, isolates have been separated in to 11 
anastomosis groups (AG). Isolates from AG-4, AG-2-2, AG-5, and AG-7 have been 
associated with root rot. From AG-1 to AG-3, isolates cause damping off and root rot 
(Hartman et al., 1999). 
The efficacy of seed treatments depend on the Rhizoctonia anastomosis group present 
in the soil. In a study conducted by Dorrance et al. (2003), the results showed that none of the 
seed treatments used provided 100% control. These results also confirmed the ability of the 
pathogen to survive under a broad range of temperatures and moisture. The authors suggested 
that rotation in this case may not be very valuable because it also infects corn. 
There are no soybeans available in the market with resistance to Rhizoctonia root rot 
and damping off (Bradley et al., 2001; Palmer et al., 2004). In studies conducted by Bradley 
et al. (2001), most of the ancestral tested lines were susceptible, which indicates sources of 
resistance to this pathogen might be limited. Some of these lines and commercial cultivars 
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were identified as partially resistant. Herbicide injury may exacerbate damage caused by R. 
solani (Hartman et al., 1999).  
Soybeans cyst nematode (Heterodera glycines Ichinohe)  
Soybean cyst nematode (SCN) is the root pathogen that causes the greatest yield 
losses in Iowa and in the United States (Niblack et al., 1992; Wrather et al., 2003). The 
importance of SCN does not just rely on the damage caused by feeding females and 
juveniles. Soybean cyst nematode also interacts with other pathogens, and there are reports in 
the literature that SCN infection can increase incidence of Phytophthora sojae (Kaitani et al., 
2000), and sudden death syndrome (Xing and Westphal, 2006). 
Soybean cyst nematode population increases during the first weeks after planting and 
it parallels root growth (Alston and Schmitt, 1987). Niblack et al. (1986) documented that 
SCN infection may increase root length with very little change in root weight, which was 
later confirmed by Alston and Schmitt (1987). 
Mycorrhizae 
Mycorrhiza (Gr. Mykes=mushroom + rhiza=root) is a symbiotic association between 
plants and fungi within the zygomycota, ascomycota, and basidiomycota (Alexopoulus et al., 
1996). Arbuscular mycorrhizae (AM) produce a branched haustorium-like structure called 
arbuscule that invaginates the host cell plasma membrane. In some genera, terminal hyphal 
swellings called vesicles are formed between or within the host cell (Alexopoulos et al., 
1996; Hause et al., 2002). Vesicles are formed in some species of Glomus spp., Acaulospora 
spp., and Entrophospora spp., and increase on abundance when the symbiosis is well 
established (Hartman et al., 1999; Morton, 2000). The genus Gigaspora does not produce 
these structures (Morton, 2000). These fungi reproduce asexually by means of spores, formed 
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singly or in clusters on a sporogenous hypha (Hartman et al., 1999). Intraradical hyphae and 
vesicles can survive and remain infective in detached roots for over two years (Morton, 
2000). 
The symbiosis alters carbohydrate metabolism in both the plant and the fungus, and it 
has been reported that AM may receive as high as 20% of the carbon allocated to the roots 
(Clarkson, 1985; Requena et al., 2003). This seems to be an expensive “relationship” for the 
plant, so, what is the benefit? Arbuscular mycorrhizae will explore the soil more efficiently 
than the plant, and will exchange the “excess” carbon for available P, N, and micronutrients 
that the plant cannot intercept. Enhanced plant growth and the increase in tolerance to abiotic 
and biotic stresses, have demonstrated the importance of AM colonization of the roots 
(Becard et al., 1995; Morandi et al., 1984; Porcel and Ruiz-Lozano, 2004).  
Carbon compounds are the trade off for all these benefits. Photosynthesis depends on 
N for enzymes (like Rubisco), P for ATP and ADP, Fe and Mg for chlorophyll, CO2, and 
water to maintain stomatal conductance (Allen et al., 2003). Although there are reports that 
suggest AM can behave as pathogens when there is an unbalanced symbiosis, and that the 
beneficial effects can be reduced under a high-pathogen inoculum environment, AM 
infection usually will benefit plants more than they would negatively affect them.  
Benefits of mycorrhizal associations 
The benefit of AM association relies in the extension of the fungal hyphae beyond the 
nutrient depletion zone that surrounds the roots, because fungal hyphae are more efficient 
exploring soil than fine roots (Allen et al., 2003; Clarkson, 1985; Zak, 1964). The arbuscules 
(within the cortex cells) is the zone where nutrient interchange occurs (Hause et al., 2002). 
Absorption of highly immobile nutrients like P is increased, as well as Zn, Ni, Mn, B, Fe, Ca, 
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K, Cu, S, N, and water (Allen et al., 2003). The effects of mycorrhiza on uptake of other 
macronutrients vary according to pH (Harrier and Watson, 2003). 
Mycorrhizal associations can improve water relations in many ways. For instance, 
under water deficits, mycorrhizal plants can keep stomatal conductance and transpiration 
rates high (Auge, 2004; Duan et al., 1996). To maintain an adequate water flow from the soil 
into roots, the water potential in plants should be lower than the water potential in the 
surrounding soil. Arbuscular-mycorrhizae have been reported to enhance plants ability to 
lower their water potential by accumulating organic ions and solutes in the roots, process 
known as osmotic adjustment (Porcel and Ruiz-Lozano, 2004; Ruiz-Lozano, 2003). 
The role of AM in crop protection has been summarized by Linderman (1994), 
Azcon-Aguilar and Barea (1997), and Harrier and Watson (2003). Some of the mechanisms 
related to control of plant pathogens are an improvement in mineral nutrition that alleviates 
abiotic stress, changes in plant tissue constituents like phytoalexins (Morandi et al., 1984), 
and root damage compensation (Harrier and Watson, 2003). Furthermore, arbuscular 
mycorrhizal infection alters the plant physiology and thus, it will also modify root exudation.  
Mycorrhizal soybeans 
Variation among soybean cultivars on mycorrhizal dependency has been reported 
(Khalil et al., 1994). Khalil et al. (1999) evaluated the response and morphological root 
characteristics to inoculation with mycorrhiza of three soybean cultivars with different 
mycorrhizal dependency. The authors found that mycorrhizal dependency decreased when 
the P fertilization increased. When cultivars with intermediate dependence were assessed, the 
response in shoot dry matter was negative. The authors suggested that there is a possibility 
that AM were behaving like pathogens.  
 24
The idea of AM being parasitic appears often in the literature, although it has not 
been tested (Graham and Eissenstat, 1998). Johnson et al. (1992) suggested a decreased yield 
under monoculture may be associated with fast-growing AM populations, that more than 
mutualistic tend to be parasitic, leading to a decline in crop vigor. This is a possible 
explanation for the yield decline in monoculture, and rotation could be a tool to keep 
population of beneficial AM high. Contrasting results were obtained by Kurle and Pfleger 
(1994) who did not find, however, any correlation between soil spore counts and yield of 
corn or soybeans. 
When soybean are grown under limited water and P supply, it has been documented 
that leaf area index is reduced, as well as seed size, seed number, yield, while root length 
density increases (Gutierrez-Boem and Thomas, 1999). The positive effects on dry matter 
accumulation of AM in soybean have been demonstrated in greenhouse experiments (Kucey 
and Bonetti, 1988; Vejsadova et al., 1993). As an example, soybeans inoculated with AM 
had 24% more biomass than the control, and plants inoculated with Bradyrhizobium 
japonicum and AM had a 28% increase when compared to the control (Vejsadova et al., 
1993).  
Studies conducted in Iowa by Khalil et al. (1992) showed that soybean plants were 
extensively colonized (60 to 100%) by Glomus spp., independently of the P level in the soil. 
Planchette and Morel (1996) reported AM stimulated shoot growth and grain yield, and a 
negative correlation between yield and phosphorus fertilization. Treseder and Allen (2002) 
found that after application of N and P, AM fungi abundance does not decrease, and the 
previous reports may have varied according to nutrient status in the soil and the AM genera 
involved. 
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The effect of AM in nematode infection varies. Reductions in nematode infection 
may be determined by a modification in the root exudates that change attractiveness to 
nematodes, or competition for the same sites (Linderman, 1994). In an experiment conducted 
to test interactions between AM and Heterodera glycines in soybean, Todd et al. (2001) 
found that at high nematode densities, AM colonization was reduced, which suggests 
antagonism between these two organisms. Other reported benefits in soybean include AM 
contribution to osmotic adjustment (Porcel and Ruiz-Lozano, 2004), and interplant transfer 
of nutrients like N (Harrier and Watson, 2003; Van Kessel et al., 1985).  
A common agronomic practice that directly influences mycorrhiza is tillage. Tillage 
has been reported to determine dominance of one AM species over others (Douds et al., 
1995; Kurle and Pfleger, 1996), to reduce the colonization rate of AM (McGonigle et al., 
1999), and thus, reduces the dry matter accumulation (Goss and de Varennes, 2002). 
Effect of fumigants and fungicides on mycorrhizae 
Mycorrhizae are an important component of plant systems, so any pesticide that 
affects its growth or formation will have a positive or negative impact in that system (Trappe 
et al., 1984). Some fumigants may stimulate mycorrhizae when applied in the soil 
(Rodriguez-Kabana and Curl, 1980). Dichloropropene has been reported to stimulate 
mycorrhizal formation (Bird et al., 1974) and this phenomenon has been associated with a 
reduction in nematode populations and perhaps, parasites of AM fungi (Trappe et al., 1984). 
Contrasting results were found in a study conducted in Nebraska to determine the 
effect of non-pathogen organisms in the corn rhizosphere in a field fumigated with methyl 
bromide. Fumigation decreased yield of corn when rotated but increased yield in 
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monoculture. They related this to reduced mycorrhizal infection that also led to P 
deficiencies (Jawson et al., 1993) 
In groundnut (Arachis hypogea L.), Sugavanam et al. (1994) tested six different 
fungicides applied as seed dressing or drench on colonization of AM. They found fungicides 
that are commonly used as preplant treatments did not have any negative effect on AM 
colonization, with the exception of Emisan (methoxy ethyl mercuric chloride), that reduced 
yield and inhibited AM and Rhizobium colonization. Fungicides that are sterol inhibitors like 
fenpropimorph and propiconazole have been reported to inhibit external hyphae more than 
internal hyphae (Kjoller and Rosendahl, 2000). 
Schreiner and Bethlenfalvay (1997) reported a decrease in the proportion of root 
length colonized when benomyl, captan, or PCNB were applied as soil drenches. Their 
results also showed that AM colonization increased seed yield without enhancing growth of 
aerial parts. The authors suggested that the effect of these fungicides depends more on the 
fungal species-fungicide combination and environment. 
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CHAPTER 2.  ROOT CHARACTERISTICS OF FOUR SOYBEAN CULTIVARS 
UNDER FIELD CONDITIONS 
 
A paper to be submitted to Crop Science 
Adriana Murillo-Williams and Palle Pedersen 
 
Abstract 
Soybean [Glycine max (L.) Merr.] yield is often limited by root-infecting pathogens. 
The objective of this experiment was to evaluate differences in root characteristics among 
different soybean cultivars in a fumigated versus a non-fumigated soil. From 2004 through 
2006, four hectares of land were fumigated with a mixture of 61.1% 1-3 dichloropropene and 
34.7% chloropicrin at each of three locations in Iowa (De Witt, Nevada, and Whiting). All 
locations had different populations of soybean cyst nematode (SCN, Heterodera glycines 
Ichinohe). The cultivars E2620RX, IA2068, and SOI2642 (all SCN-resistant) and NK-S25J5 
(SCN-susceptible) were used. Root sampling was conducted at 21, 42, and 63 days after 
emergence. Root digital image analysis was conducted with WinRhizo software. Root 
variables included root length density (RLD), surface area (SA), root average diameter (RD), 
specific root length (SRL), root length by diameter, and root weight (RW). At flowering, 
there was a 0.07 cm cm-3 increase in root length density associated with fumigation at De 
Witt and Whiting. Differences among cultivars were observed. E2620RX and IA2068, both 
SCN resistant cultivars, had the highest yield, smallest RLD values, and the lowest and 
highest SRL values. NK-S25J5 had the lowest yield and also had one of the highest RLD. 
However, another SCN-resistant cultivar SOI2642 behaved similarly to NK-S25J5, and these 
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similarities could not be well explained. Negative correlations of root characteristics with 
SCN populations were more evident at flowering than during vegetative growth or during 
pod-fill. We concluded that differences in root growth among soybean cultivars exist, but 
greater root length density is not directly associated with high yields in all environments.  
Introduction 
Root systems supply water, nutrients, and anchorage to plants. Roots also release 
chemical signals that regulate response to water stress, initiate symbiotic associations, 
modify the rhizosphere, and interact with soil microorganisms (Huisman, 1982). 
The soybean root system is hierarchical and initiates from a tap root that gives rise to 
lateral roots from which roots of even smaller diameter initiate. Soybean root growth under 
field conditions can be classified into three general phases related to the development of the 
aerial part of the plant: 1) taproot growth down in the soil profile to depths of 60 cm, 
accompanied by lateral root development in the upper 10 cm during vegetative growth, 2) 
filling of the upper soil profile of the interrow at flowering, and 3) rapid downward extension 
of a few lateral roots during seed filling and maturity (Mitchell and Russell, 1971). Mitchell 
and Russell (1971) and Kaspar et al. (1978) have observed root growth at maturity, and 
suggested that growth of lateral roots during seed filling may allow plants to acquire water 
from deeper zones in the profile later in the season. Taproot and root system elongation rates 
vary among cultivars, with temperature, and with water availability (Hoogenboom et al., 
1987; Kaspar et al., 1984; Stone and Taylor, 1983). Usually, the maximum soybean root 
extension rate occurs during flowering (Allmaras et al., 1975; Kaspar et al., 1978), although 
the bulk of the root weight remains in the upper 15-20 cm of the soil profile (Allmaras et al., 
1975; Barber, 1978). 
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Soybean root morphological differences among cultivars have been previously 
described (Mitchell and Russell, 1971; Raper and Barber, 1970), and multiple experiments 
using grafted soybean plants into root systems with different characteristics have 
demonstrated the importance of the rootstock on yield components (Cardwell and Polson, 
1972; Pantalone et al., 1999; Sanders and Brown, 1976). Grafting on more fibrous root 
systems has been associated with greater aboveground biomass accumulation, root surface 
area, and seed yield in soybean (Hudak and Patterson, 1996; Pantalone et al., 1996; Pantalone 
et al., 1999), and also has demonstrated differences in water and nutrient acquisition 
efficiency among cultivars. 
Root pathogens alter root growth in many crops (Kraft and Wilkins, 1989; Larkin et 
al., 1996). For soybean, root-infecting fungi and nematodes act singly or in a complex to 
damage soybean root systems by decreasing root length, root absorbing area, and root weight 
(Miltner et al., 1991; Winkler et al., 1994), thus, decreasing yields (Niblack et al., 1992; 
Weaver et al., 1985). In Iowa, stress caused by root pathogens initiates during the seedling 
stage and may be due to SCN, Fusarium spp., Pythium spp., Rhizoctonia solani, and/or 
Phytophthora sojae (Wrather and Koenning, 2006). Currently, some these organisms can be 
managed with resistant cultivars, although there are no available cultivars with resistance to 
Pythium spp. or Rhizoctonia solani (Palmer et al., 2004). The lack of resistant cultivars 
makes management more difficult because these organisms are ubiquitous in the soil and 
cannot be managed by crop rotation.  
Fumigation has been demonstrated to improve root health and has been used as a tool 
to study the effect of biotic stress on root growth (Kraft and Wilkins, 1989). In soybeans, soil 
fumigation has been documented to reduce incidence of certain root pathogens, increase root 
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health and yield (Gray, 1978; Kittle and Gray, 1982). We speculate that the build-up of 
pathogen inoculum with the current corn-soybean rotation in Iowa has a negative impact on 
root growth, and thus, reduces soybean yield. The use of cultivar differences and their 
response to different environments may provide insight into managing soybean root health 
and its impact on seed yield. Our hypothesis is that soybeans grown in fumigated soils will 
have greater root length density and seed yield than the ones grown in non-fumigated soils. 
Therefore, the objective of this study was to evaluate the differences in root characteristics 
among different soybean cultivars in a fumigated versus non-fumigated soil. 
Materials and methods 
The study was conducted from 2004 through 2006 at three locations (De Witt, 
Nevada, and Whiting) in Iowa. At each location, 4 ha of land were fumigated with Telone-
35® (Dow AgroSciences, Indianapolis, IN) that consisted of a mixture of 61.1% 1-3 
dichloropropene and 34.7% chloropicrin applied at a rate of 113 kg a.i. ha-1 at 30 cm depth. 
Fumigation was conducted in the fall except for Nevada 2005 where fumigation was done in 
the spring due to weather conditions.  
Four soybean cultivars (Table 1) were inoculated with Bradyrhizobium japonicum 
(EMD Crop Bioscience, Brookfield, WI) and were planted using an Almaco grain drill 
(Almaco, Nevada, IA) in plots of 3 m by 6.7 m in 38 cm row spacing, and at a seeding rate of 
420,000 seeds ha-1. For weed management, glyphosate [N-(phosphomethyl) glycine] was 
applied twice during the growing season at a rate of 0.86 kg a.e. ha-1 on the glyphosate 
tolerant cultivars. For the non-glyphosate tolerant cultivars, weed management was 
conducted with sethoxydim (2-{1-(ethiixyimino) butyl}-5-{2-(ethylthio) propyl}-3 hydroxy-
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2-cyclohexen-1-one (sethoxydim)) at a rate of 525g a.i. ha-1 and acifluorfen (5-[2-chloro-4-
(trifluoromethyl) phenoxy]-2-nitrobenzoic acid) at a rate of 280 g a.i. ha-1. 
The five-middle rows of each plot were divided into random sampling areas of 0.76 
m2, with one area for each sampling date. Root samples were taken 21, 42, and 63 days after 
emergence (DAE) using golf-hole-cutters to standardize the diameter and depth of the 
volume of soil sampled. At 21 DAE, the aerial part of three plants within the sampling area 
was removed, and roots were randomly sampled by placing the hole-cutter (7.6 cm diameter 
by 15.2 cm deep) centered over the row. Three soil cores were taken per sampling area. The 
same procedure was followed for 42 DAE using a hole-cutter 10.2 cm diameter by 17.1 cm 
deep. At 63 DAE, the hole-cutter dimensions were 15.2 cm diameter by 18 cm deep, and one 
sample was taken from the row (core A), one next to the row (core B), and one in the center 
between the rows (core C) as a modification of the technique described by Scheiner et al. 
(2000). Soils cores were placed in plastic bags and stored for no more than 3 days in a cold 
room at 4oC. Unless it is stated otherwise, results for 63 DAE are based on core A. Sampling 
dates 21 DAE, 42 DAE, and 63 DAE corresponded to V2, R1, and R5 growth stages of 
development (Fehr and Caviness, 1977), respectively. 
A hydropneumatic elutriator (Gillison’s Variety Fabrication Inc., Benzonia, MI) was 
used to wash roots and extract them from the soil cores (Smucker et al., 1982). Fresh roots 
and roots presenting some degree of discoloration were hand-picked with tweezers after 
washing. Washed roots samples were stored in plastic containers at room temperature in a 
20% ethanol solution (Wang et al., 2004). Root samples were placed on a clear plastic tray 
filled with water. The tray was placed on a flatbed scanner (Reagent instruments LC4800, 
Epson Perfection® 4870 1.0) and digital images were generated at a resolution of 400 dpi 
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[dots per inch (25.4 mm)] for a pixel size of 0.063 mm.  Digital image analysis of the root 
samples was conducted using WinRhizo software ver. 2004a (Reagent Instruments Inc. 
Quebec, QC, Canada). Root measurements included root length density (RLD), root surface 
area (SA), root average diameter (RD), and specific root length (SRL) (Table 2). After image 
analysis, root weight (RW) was obtained by oven-drying the samples at 80oC for 2 days. 
Roots were grouped by diameter (Costa et al., 2002; Sullivan et al., 2000), using the 
classification by Böhm (1979): very fine (< 0.5 mm), fine (0.5-2 mm), small (2-5 mm), 
medium (5-10 mm), large (10-20 mm), and very large (> 20mm).  
Initial (Pi) and final (Pf) soybean cyst nematode populations were determined with 
composite samples of ten 2.5 by 15 cm soil cores per plot. Egg extraction was done at the 
Iowa State University Nematology Laboratory using the methodology described by Tabor et 
al. (2003). At harvest, eight soil cylinders were taken at each location to determine soil bulk 
density. The soil probe was inserted gently in the soil after coating with cooking oil. Samples 
were placed in bags, and brought to the laboratory to be weighted and oven dried at 105oC 
for 48 hours. Bulk density was calculated by dividing the dry weight by the sample volume 
(150 cm-3soil) (Blake and Hartage, 1982).  
The experiment was a randomized complete block design in a split-plot arrangement 
with four replications with fumigation as the main plot and cultivar as the split-plot. Year and 
replication were considered random effects and location, cultivar, and fumigation were 
considered fixed effects. Because there were no replications for the main plot within a 
location, years were used as replications for fumigation. Data analysis was conducted using 
the MIXED Procedure of SAS version 9.1 (SAS Institute, 2002). Separation of means was 
performed with least significant difference tests at the 0.05 level.  
 47
Results 
In 2004, above-average precipitation was observed at all locations from planting 
through the last sampling date. In 2005, precipitation was below average at all locations, 
especially at De Witt where total precipitation was approximately half of the average long-
term precipitation. Weather conditions in 2006 were close to average for all three locations 
(data not shown). The predominant soil type at De Witt was a Tama silt loam (fine-silty, 
mixed mesic, Typic Arguidolls) with a pH of 6.7, 39 mg kg-1 P, 217 mg kg-1 K, 34 g kg-1 
organic matter, and 13 mg kg-1 of NO3--N. At Nevada, the predominant soil type was a 
Webster clay loam (fine-loamy, mixed mesic, Typic Hapludolls), with pH 7.6, 21 mg kg-1 P, 
234 mg kg-1 K, 54 g kg-1 organic matter, and 5.2 of NO3--N. At Whiting, the soil was 
classified as a Salix silty clay loam (fine-silty, mixed mesic, Typic Hapludolls), with a pH 
6.1, 56 mg kg-1 P, 489 mg kg-1 K, 39 g kg-1 organic matter, and 19.2 mg kg-1 NO3--N. 
Average soil bulk densities for De Witt, Nevada, and Whiting were 1.05, 1.15, and 0.96 g 
cm-3, respectively. No differences in bulk density were found at any location between 
fumigated and non-fumigated soil. Based on laboratory soil tests at the Iowa State University 
Soil Testing Laboratory, there were no indications of a change in soil fertility due to 
fumigation. 
Yield data for this experiment has been adapted from De Bruin and Pedersen (2007). 
There was inconclusive evidence of a location by fumigation interaction for yield (Table 3; 
P=0.08), which was explained by an increase in yield of 400 kg ha-1 associated with 
fumigation in Whiting, but not in the other locations. E2620RX and IA2068 had the highest 
yields (Table 3).  
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Initial SCN population densities (Pi) were different at all locations. De Witt had 4750 
eggs 100 cm-3soil, Nevada had 2700 eggs cm-3soil, and Whiting 637 eggs cm-3soil (data not 
shown). There was inconclusive evidence of a reduction in Pi caused by fumigation 
(P=0.09). Final SCN egg counts (Pf) were influenced by the interaction of cultivar with 
location and fumigation (Table 3). Location had no effect on final counts for E2620RX. For 
IA2068, Pf was (in order from highest to lowest): Nevada ≥ De Witt > Whiting; for NK-
S25J5: Whiting > De Witt ≥ Nevada; and for SOI2642: Nevada ≥ De Witt >Whiting. The 
fumigation by cultivar interaction for Pf indicated there was a two fold increase in Pf for NK-
S25J5 associated with fumigation, and no changes associated with fumigation were observed 
in other cultivars. 
Root length density (RLD): There was inconclusive evidence of a location by 
fumigation interaction (P=0.06) at 21 DAE, where there was an increase in RLD of 0.07 cm 
cm-3 due to fumigation at De Witt, but not at the other two locations. The cultivars E2620RX 
and IA2068 had the smallest RLD values (Table 4). 
At 42 DAE, there was a location by fumigation interaction (Table 5). The interaction 
was driven by a response to fumigation at De Witt and Whiting that resulted in RLD values 
0.07 cm cm-3 greater in the fumigated soil compared to the non-fumigated soil. At Nevada, 
there was no response to fumigation. 
No differences among locations or fumigation treatments were observed for RLD at 
63 DAE (Table 6), although RLD varied depending on the soil core positioning in the plot 
and the location (Table 7). At De Witt, RLD distribution was A > B = C, at Nevada A > B > 
C, and at Whiting B > A = C.  
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Orthogonal contrasts showed that the SCN susceptible cultivar NK-S25J5 had greater 
root length density than the SCN resistant cultivars at 42 and 63 DAE. 
Root surface area (SA): The cultivar IA2068 had the lowest SA among cultivars at 
21 DAE (Table 4). At 42 DAE, soil fumigation caused an average increase of 10 cm2 in SA 
when compared with the non-fumigated soil. IA2068 had the lowest SA among all cultivars 
(Table 5). At 63 DAE, IA2068 and E2620RX had the lowest surface area (Table 6). At all 
sampling dates, SCN-resistant cultivars had smaller SA than the susceptible cultivar NK-
S25J5 (Tables 4, 5, and 6). 
Root average diameter (AD): Among all cultivars and sampling dates, cultivar 
E2620RX had consistently the greatest average diameter (Tables 4, 5, and 6). 
Specific root length (SRL): At 21 DAE, E2620RX had the lowest SRL of all 
cultivars (Table 4), however at 42 DAE, there was inconclusive evidence (P=0.06) of 
differences among cultivars that ranked NK-S25J5 > IA2068 > SOI2642 > E2620RX for 
SRL values (Table 5). These cultivar differences were not detected at 63 DAE.  
Root weight (RW): The cultivar E2620RX had greatest RW, while IA2068 had the 
smallest RW at 21 DAE (Table 4). 
A cultivar by location interaction was detected at 42 DAE (Table 6). The trend at all 
locations for RW was E2620RX = SOI2642 > NK-S25J5 = IA2068 except at De Witt where 
RW for IA2068 was significantly lower than S25J5; and at Whiting where E2620RX had 
significantly higher root weight than SOI2642. At 63 DAE, the cultivar SOI2642 had the 
highest root weight among cultivars (Table 6). 
Percentage of roots by diameter range: For roots classified as very fine (0-0.5 mm 
diameter) there was a significant cultivar by location interaction at 21 DAE (Table 5) due to 
 50
cultivar NK-S25J5 that had approximately 10% less roots classified as very fine in Nevada, 
compared to De Witt and Whiting. Overall, IA2068 had the greatest percentage of very fine 
roots among all cultivars, followed by SOI2642.  
Also at 21 DAE, a significant cultivar by location interaction was found for fine roots 
(0.5-2 mm in diameter) that was driven by E2620RX which had 10% more fine roots at 
Nevada, compared to Whiting. Also, NK-S25J5 developed 9% more fine roots in Nevada 
compared to De Witt and Whiting. The cultivars IA2068 and SOI2642 had the lowest 
percentage of roots in this category (Table 4). NK-S25J5 had the lowest percentage of roots 
in the small roots (2-5 mm diameter) category. In the category of medium to large roots, 
there were significant cultivar by location, and cultivar by fumigation interactions, with both 
due to a reduction in the percentage of medium to large roots in the cultivar E2620RX at 
Whiting (Table 4). 
At 42 DAE, there was a significant cultivar by location effect for the percentage of 
very fine roots (Table 5). At all locations, E2620RX had the lowest percentage of very fine 
roots (66%), with no significant differences among the other cultivars except at Nevada, 
where IA2068 had the greatest fine root growth (74%).  
The cultivar by location interaction was also significant for the percentage of fine 
roots (Table 5). At all locations E2620RX had the greatest percentage of fine roots among all 
cultivars. Differences between the other cultivars (IA2068, NK-S25J5, and SOI2642) varied 
according to the location. At De Witt, there were no differences between IA2068 and NK-
S25J5, and both cultivars had less fine root development than SOI2642. At Nevada, IA2068 
had significantly lower fine root growth than S25J5 and SOI2642. At Whiting, there was no 
evidence of differences among these three cultivars. 
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For small roots, a significant cultivar by fumigation interaction was observed (Table 
5). When grown under fumigated soil, NK-S25J5 and SOI2642 had a lower percentage of 
small roots compared with the non-fumigated soil. Cultivar was the dominant factor that 
determined percentage of medium to large roots with E2620RX as the cultivar that had the 
greatest percentage of roots classified as medium to large (Table 5). 
At 63 DAE, IA2068 and SOI2642 had the greatest percentage of very fine roots 
(Table 6). NK-S25J5 and E2620RX had the greatest percentage of very fine and fine roots, 
respectively. No significant differences were found among cultivars for medium to large 
roots. 
Correlation coefficients: At 21 DAE, yield was positively correlated with the 
percentage of small roots at De Witt, but positively correlated with percentage of very fine 
roots at Nevada (Table 8). At Whiting, there was a weak correlation between yield and root 
characteristics at 21 DAE. The correlation between percentage of very fine and fine roots 
with yield seemed to be reduced by fumigation. Yield of the cultivars E2620RX, IA2068, 
and NK-S25J5 was positively correlated with the percentage of very fine roots (Table 8).  
At 42 DAE (Table 9), yield at De Witt was negatively correlated with RLD, and 
percentage of very fine roots, but positively correlated with percentage of fine roots. Yield at 
Nevada decreased with RLD and SRL but increased with the percentage of fine roots. 
Similar to the results for 21 DAE, root characteristics at Whiting appeared to have minimal 
influence on yield. Responses due to fumigation were inconsistent. Greater percentage of 
small roots seemed to favor yield for E2620RX, and to decrease yield for NK-S25J5 and 
SOI2642. At all locations, yield was negatively correlated with SCN populations at harvest. 
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There were no strong correlations between root characteristics and yield among locations, 
fumigation treatments, or cultivars at 63 DAE (data not shown).  
Discussion 
Although there were no significant differences among locations for any root 
characteristic, at Nevada, a location with poor drainage, low-P, and the highest bulk density, 
cultivars had consistently the lowest very-fine-root growth. It is known that root hair 
development is associated with high levels of phosphorus in the soil (Wang et al., 2004), and 
poor drainage with a decrease in extension rates of taproot and lateral roots (Stone, 1985). 
Cultivars NK-S25J5 and E2620RX in Nevada also developed roots of larger diameter than at 
the other two locations, a response previously documented in soybeans grown under adverse 
physical soil conditions (Peterson and Barber, 1981).  
Soybean cultivars differ in root growth, morphology, and root characteristics (Hudak 
and Patterson, 1996; Mitchell and Russell, 1971; Stone and Taylor, 1983), and within the 
root system, different order roots may vary in function (Sullivan et al., 2000). Expression of 
the genetics is intimately associated with the physical, chemical, and microbiological factors 
that characterize the soil environment where roots grow. Root length density can be an 
indicator of limitations to soil nutrient and water exploitation. Average RLD in this 
experiment ranged from 0.26 to 0.43 cm cm-3 and is consistent with previous reports for 
field-grown soybeans in the upper soil profile (Allmaras et al., 1975; Böhm et al., 1977; 
Taylor, 1980). The lowest RLD values were recorded at the first sampling date during 
vegetative growth, while RLD values increased at subsequent sampling dates that coincided 
flowering to early pod set (Mitchell and Russell, 1971). Similarities in RLD values between 
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sampling dates at 42 and 63 DAE would indicate that the rate of root death and rate of root 
re-growth were the same (Mengel and Barber, 1974). 
Differences in RLD among locations were only found when soil cores were taken at 
different sampling points from the rows (Table 7). At Nevada, the greatest RLD was found in 
core A, similar to previous reports (Barber, 1978), with a significant reduction in RLD away 
from the row. This response could be linked to soil characteristics that restrict growth. The 
fact that Whiting, the highest yielding environment (De Bruin and Pedersen, 2007) had the 
greatest root length density in between the rows during pod-fill may allow quicker access to 
water during this critical period, as it has been described for corn during silking (Mengel and 
Barber, 1974).  
Evidence of increases in RLD at 42 DAE caused by fumigation suggested that 
reductions in root growth start soon after germination, and continue in already established 
plants. At this sampling date, fumigation increased RLD at De Witt and Whiting, as well as 
an increased root surface area were found at all locations (Tables 5). Although correlation 
coefficients indicated that at 42 DAE RLD was negatively associated with yield; this 
association was positive depending on the diameter class of the roots involved. 
Differences in cultivar root characteristics were consistent across sampling dates at 21 
and 42 DAE. The cultivars IA2068 and E2620RX consistently had the smallest root length 
density; E2620RX had the highest weight and IA2068 the lowest. In addition, these two 
cultivars also had the greatest yields at all locations (Table 3). Interestingly, with similar 
RLD, these two cultivars had contrasting root systems. E2620RX had the smallest SRL at 21 
DAE, which means early in the season this cultivar invested the greatest amount of 
assimilates into large diameter roots, and a relatively small proportion on very-fine roots. On 
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the other hand, with the same RLD, IA2068 maximized root length per unit of assimilate 
invested in roots, with one of the highest SRL and proportion of very-fine roots. Based on 
root system size and weight, Mitchell and Russell (1971) and Kishitani and Shibles (1986) 
suggested that soybean cultivars that develop large root systems do not necessarily have the 
highest yields. Mitchell and Russell (1971), further indicated that there may be a relationship 
between yield and cultivars with a moderately-developed root system. There may be several 
possible explanations for this association between root size and yield. Typically, soybeans 
meet their water demands through increasing root length or through an increase in the uptake 
by unit of root length (Reicosky et al., 1972). This implies that when water and nutrients are 
readily available; a small portion of the soybean root system may supply the plant’s water 
requirements (Reicosky et al., 1972; Stone et al., 1976). As an example, greater efficiency on 
water and nutrient absorption of the small-rooted cultivar Aoda when compared to Harosoy 
63 has been documented (Raper and Barber, 1970), and high yields in the cultivar A3123 
were related with low root respiration due to less dry matter sent to the root (Kishitani and 
Shibles, 1986).  
Furthermore, IA2068 and E2620RX have resistance against SCN. Results by Miltner 
et al. (1991) showed that the SCN resistant cultivar Wright had a smaller root system that 
was proportionally deeper when compared with a susceptible cultivar. The results of Miltner 
et al. (1991) occurred even in the absence of nematodes, which therefore may be an 
indication of high water and nutrient uptake efficiency. Another possibility that may explain 
why these cultivars had the smallest root length density could be related to the sampling 
depth in this experiment. Cultivars that have high extension rates may have fewer lateral 
roots than cultivars with a slow extension rate (Stone and Taylor, 1983). Although a large 
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percentage of soybean roots develop in the upper 15 cm of the soil profile (Allmaras et al., 
1975; Böhm et al., 1977; Taylor, 1980), it is possible that E2620RX and IA2068 could have 
the ability to explore deeper soil horizons, and then the bulk of their roots escaped the root 
sampler. 
An explanation for the observed differences in very-fine root development between 
IA2068 and E2620RX is not apparent. Small diameter roots give plants an advantage under 
low nutrient conditions (Rigier and Litvin, 1999), especially P (Wang et al., 2004). 
Contrastingly, studies on Arabidopsis have shown that mutants without root hairs perform as 
well as the wild types when P was available (Bates and Lynch, 2001). Bates and Lynch 
(2001) suggested that in arbuscular mycorrhizal (AM) plants like soybean, root hairs may not 
be as beneficial in environments with high P, and root hairs could increase the number of 
infection courts for pathogens. Except for Nevada, all cultivars were grown in soils with 
relatively high P. Because of this, we speculate that the low root hair development in 
E2620RX may contribute to an increased root health, and thus, to roots with greater 
longevity. IA2068 on the other hand may have a smaller root system that consists primarily 
of root hairs that explore very efficiently small volumes of soil (Eissenstat, 1992), and 
resistance to SCN may be reflected in a rapid turnover of root hairs at a very low “carbon 
cost.” High values of SRL recorded for IA2068 during pod filling (Table 6), also support this 
idea. Information on arbuscular mycorrhizal colonization for these cultivars is lacking, and 
could provide important information on the dynamics of root hair development and P 
absorption. 
Root diameter provides information, such as potential for mycorrhizal development, 
the thickness of the water radial pathway to the vascular bundles, and response to soil 
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physical conditions (Rigier and Litvin, 1999). E2620RX was the cultivar with the greatest 
root diameter. Although hydraulic conductivity is inversely related to root diameter (Rigier 
and Litvin, 1999), thicker roots may protect this cultivar against pathogens, desiccation, or 
help to penetrate compacted layers of soil as a trade-off for lower water conductivity 
(Eissenstat, 1992). Greater performance of this cultivar when compared to NK-S25J5 at 
Nevada under high SCN population, higher bulk density than De Witt and Whiting, and 
poorly drained environments supports this hypothesis. 
NK-S25J5 and SOI2642 had similar root characteristics. Interestingly, Pf for the SCN 
susceptible cultivar NK-S25J5 under fumigation-soil was twice the Pf recorded for the same 
cultivar under non-fumigated soil. This response may be partly explained by previous studies 
of soil fumigation with ethylene dibromide that resulted in higher SCN populations after 
fumigation, which was probably due to a reduced competition with other organisms (Weaver 
et al., 1985). Parasitism of SCN by common soil fungi has also been reported, indicating that 
the loss of competition could lead to higher SCN populations (Chen et al., 1994; Chen and 
Dickson, 1996). SOI2642 had consistently one of the greatest RLD, which was similar to 
reports by Miltner et al. (1991) who had documented increased root length of SCN tolerant 
cultivars as a mechanism to compensate for damage caused by the nematode to the roots. The 
reason why SOI2642 did not perform as well as the other SCN-resistant cultivars could be 
related with the “effectiveness” of the source of resistance or host susceptibility to the most 
prevalent SCN races in the fields where the experiment was conducted. 
Overall, responses in yield seemed to be negatively correlated with Pf, and depending 
on the location, positively correlated with the ability of developing very fine roots, with the 
exception of E2620RX. Root characteristics were often correlated with yield at De Witt and 
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Nevada, and they were of less importance at Whiting. Under fertile soils with nutrients and 
water readily available, root characteristics may not be as important as in soils with limited 
water and nutrients, where roots are required to penetrate deep into the soil to acquire these 
resources. Surprisingly, root characteristics were more correlated with Pi at 42 DAE than at 
21 DAE, and very little association between root characteristics and Pf was found. 
Conclusion 
Based on this experiment, it was observed that high root length densities may not 
directly translate into increased yield. Cultivars E2620RX and IA2068 had the smallest root 
systems, but conversely had the highest yields. Efficiency of the root system may be limited 
by pathogens, primarily SCN. Nevada soil will restrict root development by imposing a 
physical barrier for root growth. The greatest restriction under the stressful conditions is the 
ability of the plants to develop roots of small diameter. Overall, an increase in very-fine root 
development seemed to be advantageous and may be correlated with yield, which is 
consistent with SCN Pi to be negatively correlated with this root characteristic, mainly at 
flowering. How successfully a cultivar will adapt to those stressful conditions will vary, and 
the way carbon sent to the roots is “invested” could be a key factor. The data from this study 
indicated that SCN may affect root characteristics. This may be a reason why SCN causes the 
greatest yield reductions under drought conditions. It is concluded that fumigation increased 
root length density and root surface area, although yield increases were detected at just at one 
location. High root length densities were not associated with an increased yield, however, the 
use of SCN-resistant cultivars increased yield at all locations, which will help growers 
minimize the risk associated with planting soybeans.  
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Table 1. Herbicide management and source of soybean cyst nematode (SCN) resistance of 
the cultivars used for field trials. 
Cultivar Company Herbicide management SCN source of 
resistance 
IA2068  Iowa State University, Ames, IA Conventional PI88788 
E2620RX Latham Seeds, Alexander, IA Glyphosate resistant Hartwig 
NK-S25J5  Syngenta Seeds, Minneapolis, MN Conventional Susceptible 
SOI2642 Sands of Iowa, Marcus, IA Glyphosate resistant PI88788 
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Table 2. Root parameters, definitions, and units (from Atkinson, 2000). 
Variable Definition Units 
Root length density (RLD) Length of roots present in a unit of volume of soil 
or at a specific depth potential for absorption of 
nutrients or water from soil. 
 
cm cm-3
Root surface area (SA) Calculated from total length of the root system 
and the average diameter.  
 
cm2
Root average diameter 
(AD) 
The radius (diameter) of an average individual 
root. Potential for apoplast-symplast exchange, 
and response to soil physical conditions 
 
mm 
Specific root length (SRL) Root length by unit of weight. 
 
cm mg-1
Root weight (RW) Oven dried weight of the total root system. 
Indicator of the amount of assimilate allocated 
below ground 
 
g 
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Table 3. Average seed yield and final SCN population densities during 2004 to 2006 field 
experiments at three locations (De Witt, Nevada, and Whiting) in Iowa. 
Treatment Seed yield† Initial SCN population Final SCN population 
 kg ha-1 eggs 100 cm-3 soil eggs 100 cm-3 soil 
Location (L)    
De Witt 4315 4750 2918 
Nevada  3850 2700 3877 
Whiting 5190 640 3621 
LSD (0.05) 744 976 NS 
    
Fumigation (F)    
Non-fumigated soil  4400 3045 2921 
Fumigated soil  4500 2350 4023 
LSD (0.05) NS‡ NS NS 
    
Cultivar (C)    
E2620RX 4770 2706 1808 
IA2068 4840 2800 1898 
NK-S25J5 3830 2660 8238 
SOI2642 4370 2629 1943 
LSD (0.05) 271 NS 1362 
    
ANOVA    
L X F NS NS NS 
L X C NS NS *** 
F X C  NS NS ** 
L X F X C NS NS NS 
**, *** Significant at the 0.01, and 0.001 probability level, respectively. 
† Yield data adapted from De Bruin and Pedersen (2007). 
‡ NS, not significant at the 0.05 probability level. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 4. Soybean root characteristics of four soybean cultivars at 21 days after emergence in field experiments at three locations 
in Iowa (De Witt, Nevada, and Whiting) during 2004 to 2006. 
Root diameter range‡ 
Treatment 
Root length 
density 
Root surface 
area 
Root average 
diameter 
Specific root 
length 
Root dry 
 weight Very fine Fine Small Medium to Large
    cm cm-3 cm2 mm cm mg-1 g sample-1† % average of the total root length 
Location  (L)         
          
           
          
          
         
 
De Witt 0.34 41.92 0.58 2.94 0.10 74.8 20.4 4.3 0.3
Nevada 0.31 38.90 0.59 3.81 0.09 69.7 25.5 4.5 0.2
Whiting 0.26 34.05 0.62 3.71 0.08 76.1 17.8 5.4 0.5
LSD (0.05)
 
NS§ NS NS NS NS NS NS NS NS
Fumigation (F)          
          
         
Non-fumigated soil  0.29 36.99 0.60 3.42 0.09 72.5 22.3 4,8 0.3 
Fumigated soil  
 
0.32 39.59 0.59 3.55 0.10 74.6 20.2 4.7 0.3 
LSD (0.05)
 
NS NS NS NS NS NS NS NS NS
Cultivar (C)          
          
          
          
          
          
         
E2620RX 0.28 37.99 0.64 2.05 0.10 68.6 25.8 4.9 0.5
IA2068 0.27 31.83 0.57 4.19 0.07 78.9 15.6 5.1 0.2
NK-S25J5 0.32 42.17 0.61 3.86 0.10 68.7 26.5 4.3 0.3
SOI2642 0.34 41.19 0.57 3.83 0.10 77.8 17.1 4.7 0.2
LSD (0.05)
 
0.04 4.70 0.03 1.37 0.02 2.1 2.1 0.6 0.2
ANOVA          
           
            
            
L X F NS NS NS NS NS NS NS NS NS
L X C NS NS NS NS NS * * NS * 
F X C NS NS NS NS NS NS NS NS *
L X F X C NS NS NS NS NS NS NS NS NS
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Sample consisted of 690 cm3of soil. 
‡Root classification (Böhm, 1979) according to diameter: very fine (0-0.5 mm), fine (0.5-2 mm), small (2-5 mm), and medium to 
large (greater than 5 mm).  
§NS, not significant at the 0.05 probability level.  
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 Table 5. Soybean root characteristics of four soybean cultivars at 42 days after emergence in field experiments at three locations in 
Iowa (De Witt, Nevada, and Whiting) during 2004 to 2006.  
Root diameter range‡ 
Treatment Root length density 
Root surface 
 area 
Root average 
diameter Specific root length
Root dry 
 weight Very fine Fine Small Medium to large
   cm cm-3 cm2 mm cm mg -1 g sample-1† % average of the total root length 
Location  (L)         
      
           
          
          
         
 
De Witt 0.36 100.26 0.69 0.96 0.71 71.2 23.5 3.0 2.2
Nevada 0.26 74.83 0.68 1.23 0.40 68.9 26.0 3.4 1.5
Whiting 0.33 83.78 0.62 1.30 0.52 74.8 20.7 2.6 1.7
LSD (0.05)
 
NS§ NS NS NS NS NS NS NS NS
Fumigation (F)          
          
         
Non-fumigated soil  0.29 81.29 0.67 1.12 0.54 71.4 23.6 3.2 1.8 
Fumigated soil  
 
0.34 91.28 0.66 1.21 0.54 71.9 23.2 2.9 1.8 
LSD (0.05)
 
0.02 7.07 NS NS NS NS NS NS NS
Cultivar (C)          
          
          
          
          
          
         
E2620RX 0.28 86.26 0.77 0.66 0.67 66.2 27.7 3.5 2.4
IA2068 0.28 69.90 0.61 1.35 0.38 75.2 20.1 3.2 1.3
NK-S25J5 0.35 90.99 0.62 1.56 0.46 72.7 22.9 2.7 1.4
SOI2642 0.36 98.00 0.65 1.09 0.66 72.4 22.8 2.7 1.9
LSD (0.05)
 
0.03 7.56 0.03 NS 0.07 2.8 1.5 0.3 0.1
ANOVA          
 
 
L X F * NS NS NS NS NS NS NS NS 
L X C NS NS NS NS * ** ** NS NS 
F X C NS NS NS NS NS NS NS * NS 
L X F X C NS NS NS NS NS NS NS NS NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Sample consisted of 1390 cm3of soil. 
‡Root classification (Böhm, 1979) according to diameter: very fine (0-0.5 mm), fine (0.5-2 mm), small (2-5 mm), and medium to 
large (greater than 5 mm).  
§NS, not significant at the 0.05 probability level. 
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 Table 6. Soybean root characteristics of four soybean cultivars at 63 days after emergence in field experiments at three locations 
in Iowa (De Witt, Nevada, and Whiting) during 2004 to 2006. Data represent average of samples taken on the row (core A). 
Root diameter range‡ 
Treatment Root length density 
Root surface 
area 
Root average 
diameter Specific root length
Root dry 
weight Very fine Fine Small Medium to large
   cm cm-3 cm2 mm cm mg -1 g sample-1† % average of the total root length 
Location  (L)         
      
           
          
         
 
De Witt 0.35 235.4 0.68 0.69 2.5 72.4 23.4 2.2 1.8
Nevada 0.38 259.1 0.71 0.94 2.7 69.0 26.6 2.6 1.6
Whiting 0.35 229.2 0.68 0.72 2.5 72.4 23.3 2.5 1.7
LSD (0.05) 
 
NS§ NS NS NS NS NS NS NS NS 
Fumigation (F)          
         
Non-fumigated soil  0.36 237.7 0.68 0.67 2.5 72.1 23.5 2.5 1.7 
Fumigated soil  0.36 244.7 0.70 0.89 2.6 70.4 25.3 2.4 1.7 
LSD (0.05) 
 
NS NS NS NS NS NS NS NS NS 
Cultivar (C)          
          
          
          
          
          
         
E2620RX 0.27 198.8 0.75 0.41 2.5 69.6 25.1 3.2 1.9
IA2068 0.35 225.2 0.65 1.26 2.3 72.9 23.1 2.3 1.6
NK-S25J5 0.39 263.3 0.69 0.73 2.4 69.2 26.8 2.2 1.7
SOI2642 0.43 277.5 0.66 0.74 2.9 73.4 22.7 2.1 1.6
LSD (0.05)
 
0.05 30.1 0.05 NS 0.4 2.1 1.7 0.5 NS
ANOVA          
 
 
 
 
L X F NS NS NS NS NS NS NS NS NS 
L X C NS NS NS NS NS NS NS NS NS 
F X C NS NS NS NS NS NS NS NS NS 
L X F X C NS NS NS NS NS NS NS * NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively 
†Sample consisted of 3270 cm3 of soil. 
‡Root classification (Böhm, 1979) according to diameter: very fine (0-0.5 mm), fine (0.5-2 mm), small (2-5 mm), and medium to 
large (greater than 5 mm). 
§NS, not significant at the 0.05 level. 
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Table 7. Soybean root length density 63 days after emergence at three different sampling 
points. 
Core  De Witt Nevada Whiting 
 cm cm-3 cm cm-3 cm cm-3
A† 0.36 0.39 0.35 
B‡  0.27 0.35 0.41 
C§ 0.26 0.29 0.36 
LSD (0.05) 0.04 0.04 0.04 
†A, sample taken over the row. 
‡B, sample taken next to the row.  
§C, sample taken between the rows. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
Table 8. Correlation coefficients (r) between root characteristics and yield for each location, fumigation, and cultivar at 21 days 
after emergence.  
 
Plant  
population 
Root length  
density 
Specific root 
length  Root weight 
Percentage of 
very fine roots 
Percentage of 
fine roots 
Percentage of 
small roots 
Pi† Pf‡
 Location
De Witt           
          
          
          
         
          
          
          
Yield        -0.13          0.48***          0.07         -0.19         -0.06          0.02    0.31*          0.14         -0.24* 
Plant Population - 0.19          0.02         -0.24       0.58***      -0.54***         -0.22      -0.51***         -0.18 
Root length density - -         -0.01        0.61***          0.05         -0.05      -0.54***  -0.25*          0.07 
Specific root length - - - -0.14          0.10         -0.07         -0.14         -0.04          0.00 
Root weight - - - -      -0.37***        0.35*** 0.04          0.02          0.13 
Percentage of very fine 
roots - - - - -       -0.98***         -0.02      -0.27***      -0.41*** 
Percentage of fine roots - - - - - -    0.21*   0.22*       0.43*** 
Percentage of small roots 
 
       0.20         -0.13 
Pi 0.13
Nevada
Yield      -0.36***        -0.16         0.11    -0.31**       0.52***      -0.49***  -0.23*          0.09      -0.52*** 
Plant Population -         0.04        -0.14          0.20        -0.17          0.11       0.37***         -0.10    0.25* 
Root length density - -        -0.17       0.66*** 0.08         -0.03  -0.25*     0.32**    0.21* 
Specific root length - - -     -0.48***     0.34**   -0.27**    -0.38**         -0.01         -0.04 
Root weight - - - -      -0.44***       0.40***     0.28**          0.15  0.17 
Percentage of very fine 
roots - - - - -      -0.98***    -0.32**          0.01         -0.19 
Percentage of fine roots - - - - - -          0.15          0.06 0.20 
Percentage of small roots 
 
         -0.30** 0.04 
Pi 0.08
Whiting
Yield        -0.05        -0.16        -0.02          0.11          0.13  -0.26*    -0.29**         -0.19    -0.30** 
Plant Population -        -0.14        -0.19          0.01 -0.24*          0.09       0.44***          0.16          0.12 
Root length density - -        -0.11      0.50*** 0.07          0.13      -0.39***    -0.29**          0.10 
Specific root length - - -        -0.14     0.30**        -0.17      -0.37***          0.10          0.03 
Root weight - - - -         -0.27    0.33**         -0.09          0.01          0.02 
Percentage of very fine 
roots - - - - -     -0.91***    -0.27**         -0.14         -0.12 
Percentage of fine roots - - - - - -          0.11          0.05 0.17 
Percentage of small roots 
 
         0.21*         -0.12 
Pi 0.09
 Fumigation
Non-fumigated soil           
Yield        -0.02        -0.20* -0.07        -0.12       0.44***     -0.48***          0.07        -0.08         -0.33 
Plant Population -        -0.02 -0.08        -0.06 0.03        -0.07    0.29**        -0.19*          0.01 71 
 
 
  
Root length density - - -0.09       0.51*** 0.06         0.04     -0.42***         0.04          0.15 
Specific root length - - -   -0.31**     0.25**        -0.17*     -0.42***        -0.05          0.04 
Root weight - - - -    -0.27**    0.28**          0.03         0.14          0.09 
Percentage of very fine 
roots - - - - -     -0.97***        -0.17  -0.18**     -0.33*** 
Percentage of fine roots       0.04   0.20*     0.35*** 
Percentage of small roots - - - - - -          -0.08        -0.03 
Pi                 0.07 
          
            Fumigated soil
Yield -0.36***     -0.33***         0.17     -0.33***       0.32***    -0.39***         0.20  -0.21*        -0.19* 
Plant Population - 0.05        -0.18          0.12         -0.05        -0.01   0.26**         -0.02         0.06 
Root length density - -        -0.12       0.66***          0.00         0.12    -0.41***          0.04         0.04 
Specific root length - - -   -0.23**   0.22*        -0.15        -0.19*         -0.04        -0.02 
Root weight - - - -      -0.44***      0.44***         0.06          0.14         0.04 
Percentage of very fine 
roots - - - - -     -0.96***        -0.12         -0.10        -0.17 
Percentage of fine roots - - - - - -        -0.14          0.11 0.18* 
Percentage of small roots                -0.04        -0.10 
Pi                -0.07 
 Cultivar
E2620RX          
         
          
         
          
          
Yield -0.04 -0.02         0.21        -0.21   0.40*    -0.41**        -0.07        -0.01        -0.32* 
Plant Population - -0.14        -0.01        -0.02         -0.11          0.06         0.26        -0.10         0.16 
Root length density - -        -0.18      0.82***          0.07          0.21    0.40**        -0.10 0.33* 
Specific root length - - -   -0.43**       0.46***     -0.44***   -0.37***        -0.25         0.03 
Root weight - - - -   -0.44**       0.49***         0.01         0.15 0.29* 
Percentage of very fine 
roots - - - - -     -0.97***        -0.25        -0.35*        -0.14 
Percentage of fine roots - - - - - -         0.04   0.38**         0.18 
Percentage of small roots               -0.10        -0.19 
Pi                -0.03 
 
IA2068
Yield   -0.34** -0.06         0.19        -0.20   0.25*        -0.31*         0.06        -0.15        -0.29* 
Plant Population -   -0.25*        -0.14        -0.01         -0.01        -0.13    0.38**        -0.06        -0.08 
Root length density - -         0.06     0.58***       0.41***        -0.17     -0.57***         0.01        -0.04 
Specific root length - - -         0.08          0.11        -0.02        -0.22         0.01        -0.14 
Root weight - - - -        -0.07         0.16        -0.16         0.12         0.03 
Percentage of very fine 
roots - - - - -    -0.91***   -0.34**        -0.12        -0.24* 
Percentage of fine roots - - - - - -        -0.06         0.16 0.26* 
Percentage of small roots 
 
              -0.07         0.01 
Pi 0.23*
NK-S25J5
Yield        -0.07        -0.29          0.08         -0.19       0.56***      -0.60***         0.12        -0.26*         0.01 
Plant Population -         0.09  -0.25*          0.11         -0.03        -0.00         0.23        -0.21         0.03 72 
 
  
Root length density - -  -0.29*       0.65***         -0.10         0.14        -0.18         0.08         0.05 
Specific root length - - -     -0.41***          0.15        -0.07     -0.41***        -0.08        -0.03 
Root weight - - - -    -0.35**    0.30**         0.18         0.06        -0.04 
Percentage of very fine 
roots - - - - -     -0.98***        -0.20        -0.12         0.03 
Percentage of fine roots - - - - - -         0.01         0.13        -0.03 
Percentage of small roots               -0.04        -0.06 
Pi                -0.01 
          
          SOI2642
Yield        -0.05        -0.18        -0.06        -0.13         0.09        -0.18          0.17        -0.16        -0.21 
Plant Population -         0.12        -0.10        -0.02        -0.03        -0.03 0.21        -0.11         0.02 
Root length density - -        -0.11     0.47***         0.12        -0.03     -0.44***         0.07         0.10 
Specific root length - - -        -0.29*      0.38***        -0.27*     -0.37***         0.01 0.29* 
Root weight - - - -        -0.20         0.18 0.09 0.27*         0.10 
Percentage of very fine 
roots - - - - -        -0.94**    -0.34**        -0.21        -0.22 
Percentage of fine roots - -  - - - 0.01 0.24*         0.23 
Percentage of small roots               -0.04         0.02 
Pi                 0.22 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Soybean cyst nematode initial population densities at planting. 
‡Soybean cyst nematode final population densities at harvest.  
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Table 9. Correlation coefficients (r) between root characteristics and yield for each location, fumigation, and cultivar at 42 days 
after emergence. 
 
Plant 
Population 
Root length 
density 
Specific root 
length Root weight 
Percentage of 
very fine roots 
Percentage of 
fine roots 
Percentage of 
small roots 
Pi†  Pf‡
 Location
De Witt           
          
Nevada          
          
Whiting          
Yield        -0.13         -0.30**        -0.12        -0.18         -0.41**    0.39** 0.21 0.14 -0.24* 
Plant Population -       0.57***     -0.50***       0.68***     0.46**   -0.47**     -0.60***      -0.51***        -0.18 
Root length density - -         0.11      0.55***       0.66***     -0.63***     -0.65***      -0.40***         0.15 
Specific root length - - -      -0.61***  0.24* -0.21*         0.12          0.20      0.49*** 
Root weight - - - -    0.27**  -0.30**     -0.51***      -0.50***        -0.19 
Percentage of very fine 
roots - - - - -     -0.99***     -0.73***     -0.45***         0.16 
Percentage of fine roots - - - - - -       0.68***       0.47***        -0.15 
Percentage of small roots              0.52***         0.03 
Pi                 0.13 
Yield        -0.36**     -0.46***    -0.38**         0.18 -0.21  0.21*        -0.11         0.08     -0.52*** 
Plant Population -    0.38**          0.13         0.01 0.10        -0.14  0.22*        -0.10  0.25* 
Root length density - -     0.34** 0.26* 0.19        -0.20        -0.01 -0.24*    0.33** 
Specific root length - - -        -0.65***       0.70***     -0.68***         0.01 -0.25*         0.18 
Root weight - - - -     -0.60***      0.58***        -0.02          0.12         0.03 
Percentage of very fine 
roots - - - - -     -0.98***        -0.08     -0.30***         0.04 
Percentage of fine roots - - - - - -        -0.09    0.29**        -0.05 
Percentage of small roots         0.22*         0.12 
Pi                 0.08 
Yield 0.05 0.00  -0.24*         0.08          0.05        -0.07         0.02        -0.19        -0.30** 
Plant Population - 0.21         -0.15         0.10        -0.03         0.08        -0.14         0.16         0.12 
Root length density - -          0.01     0.56***       0.67***     -0.63***     -0.66***        -0.16         0.02 
Specific root length - - -  -0.55**          0.16        -0.13         0.01      0.47***         0.11 
Root weight - - - -     0.30**   -0.31**  -0.38**        -0.36***        -0.12 
Percentage of very fine 
roots - - - - -     -0.99***    -0.68***        -0.14        -0.19 
Percentage of fine roots - - - - - -      0.57***         0.15 0.25* 
Percentage of small roots                0.13        -0.06 
Pi                 0.10 
 Fumigation
Non-fumigated soil           
Yield        -0.03        -0.06        -0.34***   0.21*        -0.09         0.09        -0.14        -0.08        -0.33*** 
Plant Population -      0.32***        -0.20*      0.36***         0.12        -0.13        -0.17        -0.19*         0.01 74 
 
  
Root length density - -         0.04      0.54***      0.54***        -0.51***        -0.52***        -0.29***         0.11 
Specific root length - - -        -0.61***      0.31***        -0.29***         0.07        -0.05    0.28** 
Root weight - - - -        -0.09        -0.10        -0.38***        -0.17*        -0.18* 
Percentage of very fine 
roots - - - - -        -0.98***        -0.53***        -0.48***         0.08 
Percentage of fine roots - - - - - -         0.42         0.48***        -0.05 
Percentage of small roots                0.43***         0.04 
Pi                 0.07 
          
ted soil          Fumiga
Yield        -0.37***        -0.04         0.05        -0.02     0.27**   -0.28**        -0.14        -0.21*        -0.19* 
Plant Population -         0.24        -0.12         0.21        -0.02         0.00         0.06        -0.01         0.05 
Root length density - -         0.09      0.57***       0.58***        -0.56***     -0.47***        -0.12         0.05 
Specific root length - - -        -0.53***       0.37***        -0.36***        -0.04         0.01 0.18* 
Root weight - - - - 0.09        -0.11        -0.27**        -0.14        -0.09 
Percentage of very fine 
roots - - - - -        -0.98***        -0.58***        -0.26**        -0.08 
Percentage of fine roots - - - - - -      0.46***    0.27**         0.10 
Percentage of small roots           0.26**        -0.01 
Pi                 0.07 
 Cultivar
E2620RX          
             
         
          
    
          
-S25J5          
Yield        -0.04 0.18        -0.20  0.33*          0.12        -0.12        -0.19        -0.01        -0.32* 
Plant Population - 0.12         0.27        -0.22         -0.03        -0.05         0.34        -0.10         0.16 
Root length density - -         0.08      0.68***        0.73***        -0.70***        -0.60***        -0.27         0.23 
Specific root length - - -        -0.51***          0.07        -0.09         0.11        -0.15         0.18 
Root weight - - - -        0.57***        -0.54***        -0.57***        -0.12         0.03 
Percentage of very fine 
roots - - - - -        -0.99***        -0.58***        -0.56***         0.14 
Percentage of fine roots - - - - - -       0.47***       0.61***        -0.12 
Percentage of small roots 
 
                0.15        -0.17 
Pi    -0.03
 
IA2068
Yield        -0.35** 0.14         0.20        -0.06          0.09        -0.06        -0.21        -0.15        -0.29* 
Plant Population - 0.15        -0.21     0.28**          0.00         0.00        -0.01        -0.06        -0.08 
Root length density - -         0.06       0.57***       0.53***        -0.51***        -0.44***        -0.23        -0.08 
Specific root length - - -        -0.66***          0.26        -0.24         0.08        -0.12         0.03 
Root weight - - - -          0.17        -0.19        -0.36**        -0.18        -0.18 
Percentage of very fine 
roots - - - - -        -0.98***        -0.60***        -0.42***        -0.21 
Percentage of fine roots - - - - - -      0.53***      0.39***         0.17 
Percentage of small roots 
 
            0.51***    0.37** 
Pi       0.23*
NK
Yield        -0.07 0.22        -0.24          0.21         0.23        -0.20        -0.41**        -0.26*         0.02 
Plant Population -       0.42***        -0.35**       0.48***        -0.16         0.13        -0.06        -0.21         0.03 75 
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Root length density - -        -0.04       0.56***      0.55***        -0.56***        -0.33**        -0.24*         0.08 
Specific root length - - -        -0.64***    0.34**        -0.33**         0.17  0.24*         0.15 
Root weight - - - -        -0.01        -0.05        -0.20        -0.32**        -0.11 
Percentage of very fine 
roots - - - - -        -0.98***        -0.48***        -0.15        -0.01 
Percentage of fine roots - - - - - -         0.37**         0.12         0.01 
Percentage of small roots 
 
            0.49***         0.03 
Pi    -0.01
 
SOI2642
Yield        -0.04 0.15        -0.05          0.11         0.16        -0.15        -0.27**        -0.16        -0.21 
Plant Population - 0.23        -0.18   0.30*        -0.10         0.11        -0.09        -0.11         0.02 
Root length density - -        -0.12       0.49***      0.64***        -0.61***        -0.53***        -0.16        -0.13 
Specific root length - - -        -0.48***      0.44***        -0.42***         0.09        -0.18        -0.03 
Root weight - - - -        -0.04        -0.05        -0.28*        -0.07        -0.15 
Percentage of very fine 
roots - - - - -        -0.98***        -0.56***        -0.43***        -0.23 
Percentage of fine roots - - - - - -       0.45***      0.45***  0.26* 
Percentage of small roots         0.24*         0.11 
Initial SCN counts                 0.22 
 
 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Soybean cyst nematode initial population densities at planting. 
‡Soybean cyst nematode final population densities at harvest.  
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CHAPTER 3.  ARBUSCULAR MYCORRHIZAL COLONIZATION OF SOYBEAN 
CYST NEMATODE RESISTANT AND SUSCEPTIBLE CULTIVARS 
 
An article to be submitted to Agronomy Journal 
Adriana Murillo-Williams and Palle Pedersen 
 
Abstract 
Arbuscular mycorrhizae (AM) may reduce damage caused by root pathogens in 
soybean [Glycine max (L.) Merr.] by improving plant nutrient status or directly interacting 
with pathogens. Soybean cyst nematode (SCN, Heterodera glycines Ichinohe) has been 
described as an AM antagonist but little information is available on the mycorrhizal status of 
soybean under field conditions and with natural SCN infestation. The objective of this 
experiment was to assess the mycorrhizal colonization of soybean cultivars with and without 
resistance to SCN under different environments and its correlation with yield. The study was 
conducted at three locations in Iowa (De Witt, Nevada, and Whiting) during 2004 and 2005 
using six varieties. Arbuscular mycorrhizal colonization among cultivars varied according to 
location. Most cultivars had greater AM colonization at Nevada, the location with the lowest 
phosphorus level in the soil. IA2068 was the cultivar that consistently had one of the lowest 
AM colonization at all locations. No differences in AM colonization were observed between 
SCN-resistant and SCN-susceptible cultivars. The lowest AM values were recorded at De 
Witt where AM colonization was negatively correlated with SCN populations at planting 
(Pi), at harvest (Pf), and Pf/Pi. At Nevada, the lowest yielding location, a negative correlation 
between AM and yield was observed (r=-0.52). There were no correlations between yield 
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and AM colonization at De Witt and Whiting. Based on these results, it was concluded that 
natural AM colonization in Iowa fields does not always have a beneficial effect on soybean 
performance, and differences in colonization were not determined by the presence or absence 
of the SCN-resistance trait.  
Introduction 
Root-infecting pathogens cause greater economic losses than any foliar disease of 
soybeans in the Midwest (Wrather and Koenning, 2006). Throughout most of the Midwest 
soybeans are grown in an alternating corn (Zea mays L.) and soybean rotation to maximize 
yield of both crops (Pedersen and Lauer, 2002; Pedersen and Lauer, 2003). Crop rotation has 
a profound effect on soil microbial populations (Johnson et al., 1991; Johnson et al., 1992; 
Williams and Schmitthenner, 1962), and increases in yield caused by crop rotation have been 
attributed to an increased root health, from a reduction in root-infecting pathogens. 
Along with nitrogen-fixing bacteria, soybean roots also host obligate symbionts 
called arbuscular mycorrhizae (AM). Arbuscular mycorrhizae increase the root systems’ 
surface area for absorption of phosphorus (P), nitrogen (N), potassium (K), and 
micronutrients. In soybeans, it has been documented that AM colonization improves the 
water status of the plant (Porcel and Ruiz-Lozano, 2004; Vejsadova et al., 1993), acts 
synergistically with nitrogen fixing bacteria (Brown et al., 1988; Ruiz-Lozano et al., 2001), 
and increases yield and dry matter accumulation (Carling and Brown, 1980; Planchette and 
Morel, 1996). Protection or increased plant resistance from soilborne pathogens has also been 
attributed to AM colonization (Schenck, 1981). In soybeans, damage caused by Rhizoctonia 
solani, Macrophomina phaseolina, Fusarium solani, Phytophthora root rot, and root knot 
nematode (Meloidogyne incognita) has been documented to be alleviated by AM (Carling et 
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al., 1989; Schenck, 1981; Schenck and Kinloch, 1974; Winkler et al., 1994; Zambolim and 
Schenck, 1983).  
Alternatively, Johnson et al. (1992) suggested that decreased yield under continuous 
corn or soybean may be associated with fast-growing AM populations that rather than 
mutualistic tend to be parasitic, leading to a decline in crop vigor. In Iowa, high AM 
colonization has been documented in soils with high P levels (Khalil et al., 1992). Although 
the authors did not measure yield or related colonization with it, they raised the questions 
about the role of AM in high P soils, and suggested that under high P soils, AM could have a 
pathogenic behavior (Khalil et al., 1992), as also suggested by Graham and Eissenstat (1998) 
and Johnson (1993). Interestingly, results obtained by Kurle and Pfleger (1994) did not show 
any correlation between AM soil spore counts and yield of corn or soybeans. 
In Iowa, yield losses caused by SCN can reach 50% (Niblack et al., 1992). With 
respect to soybean AM colonization and SCN, there has been conflicting results, as SCN has 
been described as an antagonist of mycorrhizae (Todd et al., 2001; Winkler et al., 1994), 
although Tylka et al. (1991) reported SCN suppression by AM at a specific time during 
soybean development. 
Even though mycorrhiza is an important root health component, there is a lack of 
information on the status of AM colonization under field conditions and in SCN infested 
soils. Given such conflicting information regarding the effects of AM on crop productivity, 
we hypothesize that soybean cultivars might differ in the level of AM colonization, and 
according to the environment, this could serve as a good plant health indicator that relates to 
yield. We also hypothesize that the SCN populations in Iowa fields may have a detrimental 
effect on AM status, and cultivars with resistance traits may have greater colonization than 
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susceptible ones. Therefore, the objectives of this study were: a) to determine the 
mycorrhizal status of different cultivars of soybean in different environments in Iowa and its 
relation to yield; and b) to determine if cultivars with the SCN-resistance trait have greater 
mycorrhizal colonization. 
Materials and methods 
The experiment was conducted at three locations in Iowa (De Witt, Nevada, and 
Whiting) during 2004 and 2005. Fields were moldboard plowed or disked twice (Whiting) 
during the fall, and field cultivated once in the spring. In the two years of experiments, 
planting occurred during the last week of April or first week of May.  
Soybean seeds were inoculated with Bradyrhizobium japonicum (EMD Crop Bioscience, 
Brookfield, WI). Plots were established using an Almaco grain drill (Almaco, Nevada, IA) 
and were 3 m by 6.7 m in 38-cm row spacing and planted at a seeding rate of 420,000 seeds 
ha-1.  
Six soybean cultivars with different source of SCN resistance and herbicide program 
were used (Table 1). Glyphosate [N-(phosphomethyl) glycine]-resistant cultivars were 
sprayed with glyphosate at a rate of 0.86 kg a.e. ha-1 twice during the growing season, when 
plants were at V2 and R1 growth stage (Fehr and Caviness, 1977). For non-glyphosate 
tolerant cultivars weed management was done using sethoxydim (2-{1-(ethiixyimino)butyl}-
5-{2-(ethylthio)propyl}-3 hydroxy-2-cyclohexen-1-one(sethoxydim)) at a rate of 525g a.i. 
ha-1 and acifluorfen (5-[2-chloro-4-(trifluoromethyl) phenoxy]-2-nitrobenzoic acid) at a rate 
of 280 g a.i. ha-1.  
 At 42 days after emergence (DAE), which corresponded to early flowering, five 
plants from the outside rows of each plot were clipped and their root systems excavated with 
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a spade, placed in plastic bags, and transported to the laboratory where they were stored at 
4oC. The entire root system was soaked in water in a bucket and carefully washed to 
minimize fine root loss. From each plant, large segments of terminal fine roots were 
arbitrarily sampled from different portions of the root system and placed in labeled plastic 
embedding cassettes (Unisette®, Fisher Scientific, Pittsburgh, PA). Root staining for 
mycorrhizal observation followed the method of Kormanik and McGraw (1982). The plastic 
cassettes were autoclaved for 10 min in a 10% potassium hydroxide solution and then rinsed 
under running tap water a minimum of three times, or until rinse water looked clear. 
Cassettes were soaked in 1% hydrochloric acid for 5 minutes and then immersed in 0.01% 
acid-fuchsin-lactic acid staining solution and autoclaved for a further 10 minutes. From the 
stained samples, thirty 1-centimeter root pieces per plant were cut and observed under the 
compound microscope at 20X. Root colonization was assessed according to the root slide 
method where the percentage of root colonization per plant was calculated by dividing the 
total number of colonized sections (either with arbuscules, vesicles or mycelium) by the total 
number of root pieces examined (Giovanetti and Mosse, 1980; Read et al., 1975).   
Soybean cyst nematode populations were determined at planting (Pi) and at harvest 
(Pf) with a composite sample of ten 2.5 by 15 cm soil cores per plot. Egg extraction was done 
at the Iowa State University Nematology Laboratory using the methodology described by 
Tabor et al. (2003). Stand counts and plant height were determined at harvest. Yield was 
determined by harvesting the four middle rows of each plot using a small plot combine 
(Almaco, Nevada, IA) and final yield was adjusted to 130 g kg-1 moisture. 
At each location, soybean cultivars were arranged in a randomized complete block 
with four replications. Cultivars and locations were considered fixed effects. Years and 
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replications were assumed to be random effects. Homogeneity of variance for each variable 
across years was tested by Bartlett’s χ2 test (Steele and Torrie, 1980). Nematode population 
mean separation for Pf/Pi calculations were made on log10 (x+1) transformed values. Data 
were analyzed with PROC MIXED of SAS version 9.1 (SAS Institute, 2002). Separation of 
means was performed with least significant difference tests at the 0.05 level. Simple 
phenotypic correlation coefficients among AM colonization, yield, seed weight, and 
nematode populations were computed with PROC CORR of SAS version 9.1 (SAS Institute, 
2002). 
Results 
The predominant soil type was classified at De Witt as Tama silt loam (fine-silty, 
mixed mesic, Typic Arguidolls) with a pH of 6.7, 39 mg kg-1 P, 217 mg kg-1 K, 34 g kg-1 
organic matter, and 13 mg kg-1 of NO3--N. At Nevada, the predominant soils type was a 
Webster clay loam (fine-loamy, mixed, Typic Hapludolls), with pH 7.6, 21 mg kg-1 P, 234 
mg kg-1 K, 54 g kg-1 organic matter, and 5.2 mg kg-1 of NO3--N. Soil at Whiting was 
classified as a Salix silty clay loam (fine-silty, mixed mesic, Typic Hapludolls), with a pH 
6.1, 56 mg kg-1 P, 489 mg kg-1 K, 39 g kg-1 organic matter, and 19.2 mg kg-1 NO3--N. 
Rainfall varied considerably among years and locations whereas the average temperatures 
were considerably higher than the 30-year average at any location and year (Table 2). 
A cultivar by location interaction was found for AM colonization (Tables 3 and 4). 
Mycorrhizal colonization was greater at Nevada than at De Witt and Whiting for all cultivars 
except for IA2068 and NK-S32G5 (Table 4). Both the highest and lowest AM colonization 
corresponded to SOI2642 at Nevada and De Witt, respectively. At Whiting, there were no 
differences in AM among cultivars (Table 4). Orthogonal contrasts did not show differences 
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in AM colonization between cultivars with different herbicide program (data not shown) or 
between cultivars with different SCN resistance (Table 5). 
There were differences in Pi among locations. Initial nematode counts at planting (Pi) 
were lower in Whiting than at De Witt and Nevada (Table 3). Final nematodes counts at 
harvest (Pf) varied according to a cultivar by location interaction (Table 3 and Table 6). 
IA2068 was the cultivar that had greater Pf at Nevada than at De Witt and Whiting. Also at 
Nevada, Pf were high and no differences in Pf among cultivars were found (Table 6). 
Orthogonal contrasts showed that Pf were higher for SCN-susceptible than for SCN-resistant 
cultivars (Table 5).  
The same trend was observed with Pf/Pi, which also varied according to a cultivar by 
location interaction (Table 3 and Table 7). There were no differences among cultivars at De 
Witt and Nevada (Table 7). At Whiting, Pf/Pi for NE3001 (2.1) and NK-S25J5 (1.79) were 
the highest Pf/Pi observed, and IA2068 (0.61) was the lowest (Table 7). 
The highest seed yield was found at Whiting (4840 kg ha-1), and the lowest at Nevada 
(3618 kg ha-1) (Table 3). IA2068 and PB291N had the highest yields. Across locations, SCN-
resistant cultivars yielded 548 kg ha-1 more than SCN-susceptible cultivars (Table 5). 
At De Witt, AM colonization was negatively correlated with SCN Pi, Pf, and Pf/Pi 
(Table 8). At Nevada, AM colonization was always negatively correlated with yield (Table 
8). At De Witt and Whiting, no correlation between AM colonization and yield was found. 
At all locations, yield was negatively correlated with SCN Pf (Table 8). 
Discussion 
Differences among cultivars in AM colonization varied among locations (Table 3). It 
was expected that the overall highest AM colonization to be recorded at Nevada, which was 
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the location with the lowest P level in the soil. However, there was no evidence of AM 
colonization at Nevada to be different from colonization at Whiting. The major benefit of 
mycorrhizae to plants is an enhanced nutrient uptake, mainly P, and high AM colonization 
has been associated with low levels of P in the soil. Although an explanation for this cannot 
be given, these results match the work of Khalil et al. (1992), who reported that high AM 
colonization occurs in Iowa independently of the P level in the soil. 
Cultivars also differed in AM colonization and ranked differently depending on the 
location (Table 4). NK-S32G5 had one of the highest AM colonization values, and IA2068 
one of the lowest values, which may indicate inherent differences in plant mycorrhizal 
responsiveness (Khalil et al., 1994). Mycorrhizal dependency and the ability of plants to 
uptake P are determined by root architecture (Khalil et al., 1999; Planchette et al., 1983), and 
it is widely assumed that coarse-rooted species will have greater AM dependency than 
species with more fibrous and finer root systems. Results to support this idea vary (Siqueira 
and Saggin-Junior, 2001). Furthermore, previous studies have documented that IA2068 root 
system composed by very fine roots (Murillo-Williams, 2007), which could in part explain 
why these cultivar had one of the lowest AM colonization. The reason why NK-S32G5 had 
the lowest colonization at Nevada is not clear, but it could be related to greater susceptibility 
of this cultivar to pathogens that compete with AM (Zambolim et al., 1983), factors that 
directly reduce root growth, or to soil properties that affect efficiency of some mycorrhizal 
fungi (Hayman and Tavares, 1985).  
Nematode populations directly influence soybean yield and soybean AM colonization 
(Carling et al., 1989; Todd et al., 2001; Tylka et al., 1991; Winkler et al., 1994). Soybean 
cyst nematode has been described as antagonists of mycorrhizae (Todd et al., 2001; Winkler 
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et al., 1994), however, Tylka et al. (1991) reported a reduction in SCN in soybean roots 
attributed to AM colonization 49 days after planting, although further reductions were not 
detected in later samplings. Negative correlation coefficients between AM colonization, Pf, 
and Pf/Pi observed at De Witt (Table 8) support those by Winkler et al. (1994) and Todd et 
al. (2001), and possibly suggest an antagonism between the two organisms. The interaction 
between SCN and AM in soybean is complex, and because it does not involve a systemic 
suppression of nematodes by AM (Tylka et al., 1991), it probably involves competition in 
time and space between the two organisms. 
The observed negative correlations between yield and SCN populations (Table 8) 
match results reported by other researchers (Tylka et al., 1991; Winkler et al., 1994). 
Alternately, at Nevada yield was negatively correlated with AM colonization and AM 
colonization was not affected by Pi or Pf. Moreover, the negative correlation between yield 
and SCN at Nevada was not as significant as the negative correlation between AM and yield 
(Table 8). Although conclusions cannot be drawn based on these correlations, there are 
several possible explanations for the negative correlation between yield and mycorrhizae at 
Nevada. The idea of AM being parasitic appears often in the literature (Bethlenfalvay et al., 
1983; Bethlenfalvay et al., 1989; Carling and Brown, 1980; Graham and Eissenstat, 1998). 
Bethlenfalvay et al. (1983) suggested that growth depression caused by mycorrhizae may be 
due to competition with the host for P and carbon when the level of P in the soil is not 
optimal for a specific host-endophyte combination. Phosphorus levels in the soil in Nevada 
could be under the optimum for mycotrophic growth. 
Another explanation for the negative correlation between AM and yield at Nevada 
could relate to the predominant AM strain present in the field, which may not contribute to 
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nutrient stress alleviation of the host and reduce yield (Bethlenfalvay et al., 1989; Carling and 
Brown, 1980). Johnson et al. (1992) showed that AM species associated with soybeans 
(Glomus claroideum and Glomus microcarpum) were negatively related with yield and tissue 
concentration of P, while AM species isolated from continuous corn were positively 
correlated with these parameters in soybean. The author suggested that continuous cropping 
selects for rapidly growing AM species that are not effective symbionts, which thus leads to a 
yield decline. Moreover, low P levels in Nevada may require fields to be heavily fertilized 
that could also serve as a selection pressure for strains that do not benefit the plant (Khalil et 
al., 1992).  
Whiting and De Witt had high P level in the soil; therefore, it was not a surprise that 
there was not a correlation between yield and AM colonization. Interestingly, even when 
Whiting had the lowest Pi (Table 3), it was the location where the greatest Pf/Pi occurred, 
recorded yields were still higher at this location than at De Witt and Nevada. Dehne (1982) 
stated that what benefits the plants will also benefit pathogens, therefore, it could be 
speculated that plants at Whiting may be more vigorous and support more SCN reproduction 
than at the other locations. The way soybeans compensate for damaged caused by nematode 
is by increasing root length (Miltner et al., 1991). Soil texture, fertility, and the presence of 
other pathogens may not represent limiting factors for root growth at this location, therefore, 
both SCN-resistant and SCN-susceptible cultivars could easily compensate for the SCN 
damage. Greater root length also represents greater number of infection courts for SCN, 
which could explain the “explosive” SCN reproduction observed at Whiting.  
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Conclusion 
 Results from this experiment indicated that soybean AM colonization status is 
influenced both by cultivar and the environment. Some cultivars had the same percentage of 
colonization independently of the location and the P level in the soil, while other cultivars 
had a significant increase at a location with low P level. Mycorrhizal colonization was 
negatively related to Pf/Pi at De Witt. At Nevada, correlation coefficients indicated that AM 
colonization may have detrimental effects on yield at this location. It was concluded that AM 
colonization was not always correlated with yield, and AM colonization was independent of 
the presence or absence of SCN-resistance in the cultivars used in this study. Future research 
with mycorrhizal isolates from Nevada could test the hypothesis that the isolates at this 
location are not beneficial. 
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Table 1. Cultivars, companies, and sources of soybean cyst nematode (SCN) resistance used 
in 2004 and 2005 field experiments in Iowa. 
Cultivar Company SCN source of 
resistance 
Herbicide 
program 
IA2068 Iowa State University, Ames, IA PI88788 C†x 
NE3001 University of Nebraska, Lincoln, NE Susceptible Cxx 
NK-S25J5 Syngenta Seeds, Minneapolis, MN Susceptible GR‡ 
NK S32G5 Syngenta Seeds, Minneapolis, MN Susceptible GRx 
PB291N Prairie Brand Seed, Story City, IA PI88788 Cxx 
SOI2642 Sands of Iowa, Marcus, IA PI88788 GRx 
†Conventional weed management.  
‡Glyphosate resistant. 
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Table 2. Cumulative precipitation and average temperature from planting until root sampling at 42 days after emergence at three 
location in Iowa (De Witt, Nevada, and Whiting) in 2004 and 2005 field experiments. 
De Witt Nevada Whiting
 
 
    2004 2005 2004 2005 2004 2005
Precipitation (mm)† 210 (+32) 82 (-96) 263 (+62) 206 (+5) 206 (+20) 179 (-27) 
Temperature (oC)‡ 23.2 (+4.0) 24.6 (+5.4) 21.9 (+3.1) 24.8 (+5.6) 23.8 (+4.6) 22.8 (+3.6) 
†Cumulative precipitation from planting until 42 days after emergence. The number in the parenthesis is the deviation from the 30-
year average for the location. 
‡Average temperature from planting until 42 days after emergence. The number in the parenthesis is the deviation from the 30-
year average for the location.
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Table 3. Soybean arbuscular-mycorrhizal root colonization, soybean cyst nematode 
population densities at planting (Pi) and at harvest (Pf), Pf/Pi, and yield of six soybean 
cultivars grown at three locations in Iowa (De Witt, Nevada, and Whiting) in 2004 and 2005 
field experiments.  
Treatment AM colonization† Pi‡ Pf§ Pf/Pi¶ Yield 
 % eggs 100 cm-3 
soil 
eggs 100 cm-3 
soil 
 kg ha-1
Location (L)      
De Witt 3.6 2096 2979 0.67 4102 
Nevada 5.7 3229 5369 1.29 3618 
Whiting 3.8   552 4457 1.45 4840 
LSD (0.05) 2.0 1352 2261 0.27 647 
      
Cultivar (C)      
IA2068 3.3 2400 2379 0.67 4650 
NE3001 4.2 1808 7270 1.29 3939 
NK-S25J5 4.2 1458 5598 1.14 3968 
NK-S32G5 4.2 2437 6697 1.15 3846 
PB291N 4.7 1704 1605 0.85 4604 
SOI2642 4.2 1945 2062 1.01 4161 
LSD (0.05) 1.4 NS# 2375 0.30 415 
      
ANOVA      
L X C *** NS ** * NS 
*, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†AM, arbuscular mycorrhizae. 
‡Pi, initial soybean cyst nematode population densities at planting. 
§Pf, final soybean cyst nematode population densities at harvest.  
#NS, non significant at the P ≤ 0.05 probability level. 
¶Pf/Pi calculated on log10 (x+1) transformed values. 
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Table 4. Location by cultivar interaction on mycorrhizal (AM) colonization of six soybean 
cultivars at three locations (De Witt, Nevada, and Whiting) during 2004 and 2005 field 
experiments in Iowa. 
Cultivar De Witt Nevada Whiting 
 AM colonization (%) 
    
IA2068 3.3 3.4 3.1 
NE3001 2.0 6.2 4.4 
NK-S25J5 1.9 6.5 4.3 
NK-S32G5 4.8 2.8 4.7 
PB291N 4.2 7.3 2.8 
SOI2642 1.6 7.8 3.1 
LSD (0.05)  3.0  
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Table 5. Orthogonal contrast for comparison of soybean cultivars grouped by soybean cyst 
nematode (SCN) source of resistance. 
Contrast Difference Probability 
SCN resistant vs. SCN susceptible   
     AM colonization (%) -0.12    0.7775 
     Pf (eggs 100 cm-3soil)† -4506 <0.0001 
     Pf/Pi‡ -0.35 <0.0001 
     Yield (kg ha-1) 548 <0.0001 
†Pf, final soybean cyst nematode population densities at harvest.  
‡Pi, initial soybean cyst nematode population densities at planting. Pf/Pi calculated on log10 
(x+1) transformed values. 
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Table 6. Location by cultivar interaction final soybean cyst nematode (SCN) population 
densities at harvest (Pf) for six soybean cultivars at three locations on Iowa (De Witt, 
Nevada, and Whiting) in 2004 and 2005 field experiments. 
Cultivar De Witt Nevada Whiting 
 Pf (eggs 100 cm-3 soil) 
    
IA2068    187 6775    175 
NE3001 7725 4625 9452 
NK-S25J5 3900 4380 8512 
NK-S32G5 5162 7637 7292 
PB291N  350 3837  630 
SOI2642  550 4962  675 
LSD (0.05)  4513  
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Table 7. Location by cultivar interaction on the ratio of soybean cyst nematode (SCN) 
population densities at planting (Pi) by the SCN population densities at harvest (Pf) of six 
soybean cultivars at three location in Iowa (De Witt , Nevada, and Whiting) in 2004 and 
2005 field trials. Pf/Pi was calculated based on log10 (x+1) transformed values. 
Cultivar De Witt Nevada Whiting 
 Pf/Pi  
    
IA2068 0.36 1.04 0.61 
NE3001 0.71 1.10 2.10 
NK-S25J5 0.70 0.92 1.79 
NK-S32G5 0.75 1.13 1.57 
PB291N 0.40 0.96 1.20 
SOI2642 0.54 1.06 1.44 
LSD (0.05)  0.55  
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Table 8. Phenotypic correlations between mycorrhizal colonization, yield, and nematode 
population densities (Pi, Pf, and Pf/Pi) of six soybeans cultivars averaged across years at 
three locations in Iowa (De Witt, Nevada, and Whiting), during 2004 and 2005 field 
experiments. 
Variable Yield Pi† Pf‡ Pf/Pi§ 
     
De Witt     
AM colonization         0.16        -0.28*        -0.30*        -0.38** 
Yield -        -0.59***        -0.34***        -0.35* 
Pi - -          0.40***         0.43 
Pf            0.64** 
     
Nevada     
AM colonization       -0.52***        -0.20         0.24         0.05 
Yield -         0.01        -0.41**        -0.01 
Pi - -         0.16        -0.21 
Pf            0.68*** 
     
Whiting     
AM colonization         0.26         0.37**         0.01        -0.19 
Yield -         0.14        -0.33*        -0.13 
Pi - -        -0.08        -0.32* 
Pf            0.61*** 
*, **, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Pi, initial soybean cyst nematode population densities at planting.  
‡Pf, final soybean cyst nematode population densities at harvest. 
§Pf/Pi calculated on log10 (x+1) transformed values. 
 
 
 
 
 
 
 
 
 101
CHAPTER 4.  ARBUSCULAR MYCORRHIZAL COLONIZATION OF SOYBEANS 
IN RESPONSE TO THREE SEED-APPLIED FUNGICIDES  
 
A paper to be submitted to Agronomy Journal 
Adriana Murillo-Williams and Palle Pedersen 
 
Abstract 
In soybean [Glycine max (L.) Merr.], arbuscular mycorrhizae (AM) enhance nutrient 
and water status, and may confer roots more resistance to soilborne pathogens. The objective 
of this experiment was to assess the effect of three commonly used seed-applied fungicides 
on mycorrhizal root colonization in Iowa. Soybean seeds were treated with the fungicides 
mefenoxam, fludioxonil, mefenoxam + fludioxonil, and a non-treated control. Soil 
fumigation with a mixture of 1-3 dichloropropene and chloropicrin was used as a tool to 
measure any direct effect of the fungicide on plant growth or yield parameters. Results varied 
between years. There was a significant fumigation by seed treatment interaction in 2005. 
Seed-applied fungicides that contained fludioxonil seemed to favor AM colonization in non-
fumigated soil in 2005, where fludioxonil-treated plants had double the root colonization 
than the control (6% vs. 2.8%, respectively) and five times more root colonization than plants 
treated with mefenoxam (6% vs. 1.1%, respectively). In the fumigated soil, plants treated 
with mefenoxam alone or in combination with fludioxonil had lower colonization than the 
control and fludioxonil-treated plants. Fumigation did not significantly reduce or increase 
mycorrhizal colonization across locations. No differences in grain yield, final stand, or grain 
composition were found among seed-applied fungicides or between non-fumigated and 
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fumigated soil. In summary, with the exception of mefenoxam in fumigated soil in 2005, 
there was no evidence of a reduction in mycorrhizal colonization of soybean roots with seed-
applied fungicides under field conditions.  
Introduction 
Early planting of soybean has increased in the upper Midwest because yields have 
been shown to be significantly increased (Oplinger and Philbrook, 1992; Pedersen and Lauer, 
2004a). Conversely though, early soybean planting exposes seed to cooler and more saturated 
soils, leading to slow germination and development (Hatfield and Egli, 1974), thus exposing 
seeds to an extended period of time that they are exposed to seedling root rot and damping 
off pathogens (Hamman et al., 2002; Thomas et al., 1975).  
In Iowa, the most common seedling diseases on soybean are caused by Pythium spp., 
Rhizoctonia solani, Phytophthora sojae, and Fusarium spp. (Yang and Rizvi, 1996). 
Alternating corn (Zea mays L.) with soybean is the most common rotation in the upper 
Midwest (Pedersen and Lauer, 2004b), but the rotation of these two crops does not 
effectively manage seed and seedling diseases. The lack of control is because these soilborne 
organisms are also saprophytes, and can form survival structures thereby increasing their 
viability for several years in the soil (Bauske and Kirby, 1992; Van de Plaats-Niterink, 1981). 
The severity of seedling diseases on soybean varies from year to year depending on both soil 
and environmental conditions (Dorrance and McClure, 2001; Dorrance et al., 2003). 
Although economic losses due to seedling diseases on soybean have been reported in the 
United States, yield losses in Iowa vary and are rarely a problem (Wrather and Koenning, 
2006). This variability is most likely due to the fact that a stand reduction will not always 
contribute to a yield loss when the stand is uniform and above 240 000 plants per hectare at 
 
 103
harvest (De Bruin and Pedersen, 2007). The harvest plant population is related to the ability 
of the soybean crop to compensate for low plant populations by increasing the allocation of 
assimilates for increased branching (Board, 2000; Carpenter and Board, 1997).  
The symbiotic relationship between plant roots and fungi is called mycorrhiza. 
Arbuscular mycorrhizae (AM) is the most common type of mycorrhiza, where the fungus 
colonizes the interior of the root and forms specialized structures, known as arbuscules, for 
nutrient exchange with the host. The fungal hyphae extend from the root and explore the soil 
more efficiently than fine plant roots. Thus, AM can provide the plant with phosphorus, 
nitrogen, and micronutrients more efficiently than the plant roots alone. Additionally, in 
soybean, AM have been shown to reduce resistance to water transport (Safir et al., 1972) 
improving the overall water status of the plant (Porcel and Ruiz-Lozano, 2004; Safir et al., 
1972; Vejsadova et al., 1993).  
Arbuscular mycorrhizae interact in the rhizosphere with other beneficial organisms 
and pathogens, often competing for the same colonization courts (Harrier and Watson, 2004). 
Mycorrhizae have been previously shown to protect plants against pathogens in numerous 
crops (Azcon-Aguilar and Barea, 1997). In soybeans, AM-colonized plants have been 
reported to have significantly less damage due to Rhizoctonia solani, Macrophomina 
phaseolina, Fusarium solani, and root knot nematode (Meloidogyne incognita) (Schenck and 
Kinloch, 1974; Winkler et al., 1994; Zambolim and Schenck, 1983). In contrast, increases in 
AM colonization have also been associated with an increased severity of Phytophthora root 
rot in soybean seedlings (Ross, 1972). It has been demonstrated that the degree of soybean 
AM root colonization also depends on the predominant AM species (Schenck and Smith, 
1982), temperature (Schenk and Smith, 1982), edaphic conditions (Khalil et al., 1992), soils 
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disturbance (McGonigle et al., 1999), and growth stage (Bagyaraj et al., 1979), but these 
results have been primarily obtained using inoculated plants and not field conditions. Also, 
previously reported values of root colonization dramatically depended on the methodology 
used to determine colonization, as well as host growth stage, and soil fertility. For example, 
Bagyaraj et al. (1979) reported values of 60% of colonization forty-five days after sowing, 
and up to 75% sixty days after sowing in a naturally infested soil. In Iowa, a survey 
conducted by Khalil et al. (1992) reported naturally occurring root colonization that ranged 
from 18 to 98% in different soil types. 
With regards to soybean disease management, fungicide seed treatments are 
commonly used in addition to genetic resistance to effectively manage seedling diseases. 
Fungicide seed treatments alter the microbial population dynamics in the rhizosphere by 
reducing root pathogen infection, but may also affect non-target organisms (Rodriguez-
Kabana and Curl, 1980; Trappe et al., 1984). Soil applications of metalaxyl have been 
reported to increase spore diversity in Citrus limon and Citrus sinensis when applied at low 
rates (Carrenho et al., 1998), and to favor AM colonization in maize and soybeans (Groth and 
Martinson, 1983). Seed-applied captan had no effect on AM colonization in studies 
conducted by Kucey and Bonetti (1988), and it reduced symptoms of Fusarium solani when 
applied along with AM inoculum to Phaseolus vulgaris plants (Gonçalves et al., 1991). 
Reductions in plant growth, number of arbuscles, and length of infected roots when 
metalaxyl was applied as a soil drench in onions (Allium cepa) have been documented 
(Sukarno et al, 1993).Other fungicides such as benomyl, captan, PCNB, and emisan, have 
been reported to also have negative effects on AM colonization when applied as soil 
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drenches (Gnekow and Marschner, 1989; Kjoller and Rosendahl, 2000; Schreiner and 
Bethlenfalvay, 1997; Sugavanam et al., 1993).  
Mefenoxam and fludioxonil are two of the most common fungicide seed treatments 
used in Iowa. To the best of our knowledge, the effect of mefenoxam and fludioxonil seed 
treatments on natural AM colonization of soybean has not been reported in the literature. Soil 
fumigation has been used for root health studies because it reduces pathogen inoculum 
(Hamm et al., 2003), and it can be used to evaluate the direct effect of chemicals in plant 
growth and yield. Thus, the hypothesis of this experiment was that the fungicide seed 
treatments mefenoxam and fludioxonil may reduce competition with seedling pathogens 
early in the growing season enabling increased colonization of AM in seed-treated plants, 
compared with non-treated plants. Furthermore, using a fumigated soil environment that has 
reduced pathogen and AM populations will enable a measure of the direct effect the 
fungicide may have on soybean plant growth or yield. Therefore, the objective of this study 
was to determine if there was a difference in AM colonization when three fungicide seed 
treatments (mefenoxam, fludioxonil, and mefenoxam + fludioxonil) were applied to soybean 
seed across different environments.  
Materials and methods 
To determine the effect of fungicide seed treatment and AM colonization on soybean, 
multi-year (2004 and 2005) and multi-location (De Witt, Nevada, and Whiting) field trials 
were conducted in Iowa (Table 1). The predominant soil type was classified at De Witt as 
Tama silt loam (fine-silty, mixed mesic, Typic Arguidolls), at Nevada as Webster clay loam 
(fine-loamy, mixed mesic, Typic Hapludolls), and at Whiting as a Salix silty clay loam (fine-
silty, mixed mesic, Typic Hapludolls). Fields were moldboard plowed or disked twice 
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(Whiting) during the fall, and field cultivated once in the spring. In the two years of 
experiments, planting occurred during the last week of April or first week of May.  
At each location, 4 ha were fumigated (30 cm depth) with Telone-35 ® (Dow 
AgroSciences, Indianapolis, IN) that consisted of a mixture of 61.1% 1-3 dichloropropene 
and 34.7% chloropicrin at a rate of 113 kg a.i. ha-1. Fumigation was conducted during the fall 
at all locations, except Nevada 2005, where fumigation was done during the spring due to 
inclement weather conditions the previous fall. The soybean cultivar SOI2642 (Sands of 
Iowa, Marcus, IA) was inoculated with Bradyrhizobium japonicum (EMD Crop Bioscience, 
Brookfield, WI) and planted using an Almaco grain drill (Almaco, Nevada, IA) in plots of 3 
m by 6.7 m, using 38-cm row spacing and a seeding rate of 420,000 seeds ha-1. For weed 
management, glyphosate [N-(phosphomethyl) glycine] was applied at a rate of 0.86 kg a.e. 
ha-1 twice in the growing season, when plants were at V2 and R1 stage of growth (Fehr and 
Caviness, 1977). 
The experimental design was a two-way factorial in a split plot arrangement. Whole-
plot treatments were fumigated and non-fumigated soil. The subplot factor was arranged in a 
randomized complete block with four replications. Subplot treatments consisted of three 
seed-applied fungicides fludioxonil {4-(2,2-difluoro-1,3-benzodioxol-4-yl)-1H-pyrrole-3-
carbonitrile}, mefenoxam {(R,S)-2-[2, 6-dimethylphenyl)-methoxyacetylamino]-propionic 
acid methyl ester]}, mefenoxam + fludioxonil, and a non-treated control. Fludioxonil 
(Maxim®4FS, Syngenta, Greensboro, NC) was applied at a rate of 0.07 g a.i. kg seed-1 and is 
a contact fungicide in the family of the phenyl-pyrroles with activity against soilborne and 
seedborne Rhizoctonia spp., Fusarium spp., Aspergillus spp., Penicillium spp., and 
Sclerotinia sclerotiorum (Lipps et al., 2000; Mueller et al., 1999). Mefenoxam (Apron XL® 
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LS, Syngenta, Greensboro, NC) was applied at a rate of 0.05 g a.i. kg seed-1 and is a systemic 
phenylamide fungicide that targets diseases caused by soilborne Pythium spp. and 
Phytophthora spp. The combination product is marketed as ApronMaxx® RFC (Syngenta, 
Greensboro, NC) and was applied at a rate of 0.037 g a.i. kg seed-1 of fludioxonil and 0.025 g 
a.i. kg seed-1 of mefenoxam. All rates used were the current commercially applied rates in 
Iowa. 
 At 42 days after emergence (DAE) which corresponded to early reproductive stages 
(Khalil et al., 1992), five plants from the outside rows of each plot were clipped and their 
root systems excavated with a spade and placed in plastic bags for transport to the laboratory, 
where they were stored at 4oC. The whole root system was soaked in water in a bucket and 
carefully washed to minimize fine root loss. From each plant, large segments of terminal fine 
roots were arbitrarily sampled from different portions of the root system and placed in 
labeled plastic embedding cassettes (Unisette®, Fisher Scientific, Pittsburgh, PA). Root 
staining for mycorrhizal observation followed using the method of Kormanik and McGraw 
(1982). The plastic cassettes were autoclaved for 10 min in a 10% potassium hydroxide 
solution and then rinsed under running tap water a minimum of three times, or until rinse 
water looked clear. Cassettes were soaked in 1% hydrochloric acid for 5 minutes and then 
immersed in 0.01% acid-fuchsin-lactic acid staining solution and autoclaved for a further 10 
minutes. From the stained samples, thirty 1-centimeter root pieces per plant were cut and 
observed under the compound microscope at 20X. Root colonization was assessed according 
to the root slide method (Giovanetti and Mosse, 1980; Read et al., 1975). In this method, the 
percentage of root colonization per plant was calculated by dividing the total number of 
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colonized sections (either with arbuscules, vesicles or mycelium) by the total number of root 
pieces examined.  
Furthermore, agronomic variables were collected in the field prior harvest included 
stand counts, plant height, and plant lodging. Lodging was based on a 1 (no lodging) to 5 
(completely lodged) scale. To determine plot yield, the middle rows of each plot were 
harvested using a small plot combine (Almaco, Nevada, IA) and final yield was adjusted to 
130 g kg-1 moisture. 
     Data analysis: For AM colonization data, years were analyzed individually based on 
residual plot analysis and a significant year by treatment interaction detected in the two-year 
combined analysis of variance. Locations were considered random for the single year 
analysis of variance. 
Analysis of variance for agronomic variables was conducted across years based on 
homogeneity of variances. Locations and replications were considered random effects. For 
AM colonization and agronomic data, least significant difference (LSD) tests at the 0.05 
level were calculated to compare main plots and subplots. Data were analyzed with PROC 
MIXED of SAS®.  
Results and discussion 
The predominant soil pathogen varied across years and locations as the spring 
weather conditions were very different. In the Spring of 2004, the weather was wetter and 
cooler compared to 2005. A higher incidence of Pythium spp. in soybean seedlings was 
observed in 2004. The spring of 2005 was considerably drier and characterized by a higher 
incidence of Rhizoctonia solani in seedlings, which was observed in both the fumigated and 
non-fumigated soils (Murillo-Williams, 2007). Furthermore, soil fertility levels were not 
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influenced by the fumigation treatment at any location in the two years of experiments (Table 
1).  
Fumigation: A fumigation by seed treatment interaction was found in 2005 (Table 2). 
Differences in AM colonization among seed treatments varied according to the level of 
fumigation. In the non-fumigated soil, treatments that contained fludioxonil had three times 
more AM colonization, compared with the non-treated control and mefenoxam treatment 
(Table 3). However, in the fumigated soil, soybean plants treated with fludioxonil had the 
highest AM colonization among treatments, although fludioxonil and mefenoxam + 
fludioxonil did not differ from the non-treated control in terms of AM colonization. 
Mefenoxam resulted in significantly lower root colonization than the control, although not 
statistically different from mefenoxam + fludioxonil (Table 3).  
Pathogens that infect seedlings may reduce root colonization by mycorrhizal fungi 
(Zambolim and Schenck, 1983). The seed treatments used in this experiment targeted 
different pathogens. Specifically, mefenoxam systemically protects roots against water molds 
like Pythium spp. and Phytophthora sojae, while fludioxonil targets pathogens like Fusarium 
spp., Rhizoctonia solani, and seedborne Aspergillus spp. and Penicillium spp. Precipitation 
was less than average in 2005, which favored seedling infection by Rhizoctonia over Pythium 
spp. (Murillo Williams, 2007). In the non-fumigated soil, greater AM colonization in the 
fludioxonil-treated soybean plots could be explained by a reduction in competition of AM 
with aggressive pathogens like Rhizoctonia solani, which has also been previously 
documented under controlled conditions (Zambolin and Schenck, 1983). 
In 2004, Pythium incidence was 95% in the non-fumigated soil (Murillo-Williams, 
2007). Although there was no evidence of a significant difference in AM root colonization 
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among seed treatments in 2004 (Table 2), colonization tended to be higher for treatments that 
had mefenoxam, a fungicide that targets oomycetes such as Pythium and Phytophthora. Our 
results from 2004 would support those by Groth and Martinson (1983) who suggested that 
soil applications of metalaxyl increased mycorrhizal colonization of corn and soybeans due 
to a reduction in competition with pathogenic oomycetes and not by having a stimulatory 
effect on AM fungi (Groth and Martinson, 1983).  
Fumigation did not influence AM colonization in 2004 (Table 2). Previous research 
has shown that the dynamics of recolonization by soil microflora will vary according to the 
type of fumigant used, as well as the specific soil conditions (An et al., 1990; Ladd et al., 
1976; Warcup, 1976). Fumigation may thus result in an initial depletion of populations of 
beneficial organisms (Ladd et al., 1976; Ridge, 1976), although there are reports that 
fumigation can stimulate AM populations after some time in the presence of the host (An et 
al., 1990). In the current study, lack of significant differences in AM colonization between 
the non-fumigated and the fumigated soil could be related with a limited movement of the 
fumigant deep enough into the soil to reduce AM inoculum or by a rapid recovery of AM 
populations as it has been reported by An et al. (1990).  
Also, relatively low levels of AM were found during this experiment. Low AM 
colonization has been associated with high P content in the soil, P fertilization, and tillage 
(Fairchild and Miller, 1990; Khalil et al., 1992; Goss and de Varennes, 2002). In Iowa, Khalil 
et al. (1992) documented AM colonization (expressed as vesicles) for Tama soils that ranged 
from 44 to 60% and from 24 to 58% for Webster soils. Furthermore, Khalil et al. (1992) 
observed a negative correlation between available P in the soil and percentage of roots with 
hyphae and arbuscules. The P level at most of our locations (except for Nevada) was above 
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30.5 mg kg-1, which is considered high for Iowa soils (Sawyer et al., 2002). Besides high 
levels of P in the soil, tillage practices may also affect AM colonization. The fields in this 
study were either moldboard plowed or disked in the fall, followed by a pre-plant spring 
cultivation. Previous research has indicated that tillage may: (i) reduce the colonization rate 
of AM, (ii) negatively affect winter survival of mycorrhizal hyphae, and (iii) enable one AM 
species to be pre-dominant over other species (Douds et al., 1995; Fairchild and Miller, 1990; 
Goss and de Varennes, 2002; Kabir and O’Halloran, 1997; Kurle and Pfleger, 1996). The 
detrimental effect that soil disturbance has on AM colonization has been suggested to be a 
consequence of the rupture of the hyphal network, thereby reducing colonization (Jasper et 
al., 1989). In soybeans, Goss and de Varennes (2002) reported significant reductions in the 
percentage of colonization (expressed as vesicles) caused by soil disturbance from 5 to 0.3% 
at 23 days after emergence, and from 21 to 11% at 49 days after emergence. Other possible 
explanations for the low AM colonization in this study include an intrinsic low mycorrhizal 
dependency of the chosen cultivar (Khalil et al., 1999), which could be reflected in low root 
colonization. From the experimental stand point, the use of locations as replications for 
fumigation when years were analyzed separately could have also led to the low AM 
colonization values found in this experiment, which resulted from treatment averages 
consisting of the combination of very contrasting environments. 
     Agronomic variables: There was no significant effect of fumigation or fungicide seed 
treatments on grain yield, grain moisture, final plant population, lodging, height, seed mass, 
protein or oil content (Table 4).  
These results were not a surprise because fungicide seed treatments may increase or 
decrease emergence and final stand (Guy and Oplinger, 1989; Lueschen et al., 1991) without 
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always having an effect on yield (Athow and Caldwell, 1975; Guy and Oplinger, 1989). 
Previous research by Lueschen et al. (1991) in Wisconsin showed that the response to seed 
treatment depended more on cultivar susceptibility to seedling pathogens and seed quality, 
compared to agronomic practices, such as tillage. In field experiments conducted in Iowa by 
Wall et al. (1983), seed lots that had 50% Phomopsis infection had increased yields when 
treated with a fungicidal seed treatment, but the authors also concluded that no fungicide 
seed treatment improved emergence or increased yield when the seedlots were mechanically 
damaged, small sized, or aged.  
It has been documented that yield often is related to the maintenance of a critical final 
plant population (Athow and Caldwell, 1975) of 240 000 plants ha-1 in Iowa (De Bruin and 
Pedersen, 2007). Soybean will compensate to some extent for additional space by allocating 
more dry matter to branches (Board, 2000; Carpenter and Board, 1997). Results from this 
experiment showed that final plant populations for all seed treatments and the control were 
above the critical final plant population. The results of our study were similar to the 
observations of Bierman et al. (2006), who found that while there was a significantly lower 
plant population when soybean seeds were treated with fludioxonil, the final plant population 
was still above the acceptable plant stand thought to maximize yield. 
Conclusion 
Although the potential benefit of mycorrhizal associations for soybeans is well 
known, little information exists, however, regarding the effect that seed-applied fungicides 
may have on soybean AM colonization. Mefenoxam, fludioxonil, and mefenoxam + 
fludioxonil were evaluated as a seed treatment on soybean to determine their effect on AM 
colonization. There were different results for the different years of the study. In 2005 
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differences in AM colonization were detected among fungicides according to the level of 
fumigation. Under natural pathogen inoculum (non-fumigated soil), seed-applied fungicides 
with fludioxonil seemed to favor AM colonization which may have been due to a reduced 
competition with aggressive pathogens like Rhizoctonia spp., an organism that is targeted by 
this fungicide. Further conclusions, however, cannot be drawn regarding this result because 
pathogen inoculum was not added to the soil as a third treatment. Also, mefenoxam, 
fludioxonil, and mefenoxam + fludioxonil did not affect any of the agronomic variables. 
Except for mefenoxam in 2005, no evidence was found that indicated fungicide seed 
treatments have a detrimental effect on mycorrhizal root colonization of soybeans when 
applied at recommended commercial rates in Iowa.  
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Table 1. Soil characteristics of the three locations in Iowa (De Witt, Nevada, and Whiting) and cumulative precipitation and 
average temperature from planting until root sampling at 42 days after emergence in 2004 and 2005 field trials  
†Cumulative precipitation from planting until 42 days after emergence. The number in the parenthesis is the deviation from the 20 
year average for the location. 
‡Average temperature from planting until 42 days after emergence. The number in the parenthesis is the deviation from the 20 
year average for the location. 
Soil characteristic De Witt 
 
Nevada Whiting
 2004 2005     2004 2005 2004 2005
    Control Fumigated Control Fumigated Control Fumigated  Control Fumigated Control Fumigated Control Fumigated
pH  
    
    
             
             
           
5.6 5.8 7.1 7.1
 
 8.1 8.1
 
 7.8
 
 7.1 6.0
 
 5.8 6 6.2
 P (mg kg-1) 38 39 49 38 2 1 26 48 74 90 72 49
K (mg kg-1) 280 274 234 173 401 167 197 258 630 670 443 420
Organic matter (g kg-1) 34 47 43 37 71 100 54 47 43 47 37 37
NO3-N (mg kg-1) 16 25 2 19 1 8 2 5 17 36 13 14
  
Precipitation (mm)† 210 (+32) 82 (-96) 263 (+62) 206 (+5) 206 (+20) 179 (-27) 
Temperature (oC)‡ 23.2 (+4.0) 24.6 (+5.4) 21.9 (+3.1) 24.8 (+5.6) 23.8 (+4.6) 22.8 (+3.6) 
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Table 2. Effect of fumigation and seed-applied fungicides on percentage of root mycorrhizal 
colonization of soybean grown in 2004 and 2005 at three locations in Iowa. 
Treatment AM colonization 
 % 
 2004 2005 
Fumigation (F)   
Fumigated soil 7.4 3.9 
Non-fumigated soil  3.7 2.8 
LSD NS† NS 
   
Treatment (T)   
Control 4.9 3.3 
Mefenoxam 5.9 1.1 
Fludioxonil 5.4 5.5 
Mefenoxam + Fludioxonil 5.9 3.5 
LSD (0.05) NS 1.7 
   
ANOVA   
F x T NS * 
*, Significant at the 0.05 level. 
†NS, not significant at the 0.05 level. 
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Table 3. Seed treatment by fumigation treatment interaction on soybean mycorrhizal 
colonization (AM) in 2005. 
Treatment  AM colonization 
 Non-fumigated soil Fumigated soil 
 % 
Control 2.9 3.8 
Mefenoxam 1.1 1.2 
Fludioxonil 6.1 4.9 
Mefenoxam + Fludioxonil 5.6 1.4 
LSD (0.05) 2.5 
 
 
 
 
 
 
  
Table 4. Effect of fumigation and three seed-applied fungicides on soybean plant density, height, lodging, seed weight, grain 
yield, and composition across three locations during 2004 and 2005 in Iowa. 
Treatment Final plant Height Lodging Grain  Seed mass Yield Grain composition 
     population score moisture  Oil Protein
    plants ha-1 cm 1-5† g kg -1 g 100 seed-1 Mg ha-1 g kg-1 g kg-1
Fumigation       
         
 
  
Non-fumigated soil  396 300 90.8 1.7 104 12.8 4.0 195 351 
Fumigated soil  401 000 96.0 1.8 104 12.4 4.3 196 348 
LSD (0.05)
 
NS‡
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
 
NS
Treatment         
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Control 400 400 93.7 1.8 105 12.7 4.2 196 349
Mefenoxam 382 100 93.0 1.7 105 12.7 4.1 196 349
Fludioxonil 409 900 93.5 1.8 104 12.4 4.2 195 350
Mefenoxam + Fludioxonil 
 
402 500 93.5 1.7 104 12.7 4.1 195 350 
LSD (0.05) NS NS NS NS NS NS NS NS
†Lodging score: the range extends from 1 = no lodging to 5 = completely lodged). 
‡NS, not significant at the 0.05 level.
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CHAPTER 5.  EARLY SOYBEAN ROOT HEALTH AND ITS ASSOCIATION WITH 
YIELD 
 
An article to be submitted to Agronomy Journal 
Adriana Murillo-Williams and Palle Pedersen 
 
Abstract 
Soybean [Glycine max (L.) Merr.] yield is often limited by root-infecting pathogens. 
Little information is available on how early season root health relates to soybean seed yield. 
The objective of this experiment was to quantify the prevalence of three root-infecting 
pathogens among different soybean cultivars in a fumigated versus a non-fumigated soil, and 
to determine if improved root health early in the season was related to yield. From 2004 
through 2006, four hectares of land were fumigated with a mixture of 61.1% 1-3 
dichloropropene and 34.7% chloropicrin at two locations. Soybean cyst nematode 
(Heterodera glycines Ichinohe, SCN) initial population densities (Pi) varied among locations. 
Three SCN-resistant cultivars (IA2068, PB291N, SOI2642), and three SCN-susceptible 
(NE3001, NK-S25J5, NK-S32G5) were used. Overall, Pythium spp. were more frequently 
detected in roots when compared with Rhizoctonia spp. and Phytophthora spp. Fumigation 
reduced Pythium spp. incidence by 27% with a 10% increase in yield, but reductions in 
incidence for the other pathogens were not detected. Significant cultivar differences were 
observed. The cultivar IA2068 had the highest yield, lowest Pythium spp. incidence, the 
lowest SCN population density at harvest (Pf), and ranked among the cultivars with the best 
root health ratings. Negative correlations of yield with Pythium spp. (-0.17), Pi (-0.24), Pf    
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(-0.43), and root health ratings (-0.43) were observed. Based on these results, we concluded 
that the observed yield increase due to fumigation may have been associated directly with an 
increased root health. Future research is needed to investigate the possibility of SCN-
susceptible cultivars being exposed to greater Pythium spp. damage which will influence 
stand and yield. 
Introduction 
Soybean seedling diseases are widely distributed in the United States (Yang and 
Feng, 2001). In 1996, the most important pathogens associated with soybean seedlings in 
Iowa were (in increasing order of incidence): Pythium spp., Rhizoctonia solani Kuhn, 
Phytophthora sojae, and Fusarium spp. (Rizvi and Yang, 1996). These pathogens can infect 
seedlings individually or as a complex (Rizvi and Yang, 1996) and cause seed rot, seedling 
damping off, and root rot.  
Pythium spp. is not lethal to older plants (Martin, 2003), however, root infections may 
persist throughout the season and reduce shoot growth, root size, root length, and alter root 
morphology in soybeans and many other crops (Afek et al., 1990; Griffin, 1990; Larkin et al., 
1996; Southern et al., 1976). Infection due to Rhizoctonia solani also reduces soybean root 
weight, shoot weight, and nodule weight (Orellana et al., 1976; Zambolim et al., 1983), 
although Rhizoctonia isolates differ in their ability to cause seed and root rot, reduce plant 
stand, and cause lesions in the hypocotyls (Dorrance et al., 2003). Phytophthora sojae 
reduces root size and increases resistance to water flow (Kittle and Gray, 1980), with the 
major yield loss found in areas where soils have high clay content or remain saturated for 
long periods of time (Dorrance and McClure, 2001).  
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The benefits of the “rotation effect” have been demonstrated for many crops, 
including the corn (Zea mays L.)-soybean rotation (Pedersen and Lauer, 2002; Pedersen and 
Lauer, 2003). However, this practice may also be responsible for an emerging problem for 
corn and soybeans because it does not manage important root pathogens. Pythium spp., 
Phytophthora spp., and Rhizoctonia spp. survival structures remain viable for several years in 
the soil, and Pythium spp. and Rhizoctonia solani isolates can infect both corn and soybeans 
(Dorrance et al., 2003; Zhang and Yang; 2000). The work by Zhang and Yang (2000) 
indicated that 71% of Pythium soil isolates were pathogenic to both corn and soybeans. 
Similar results were obtained in Ohio by Dorrance et al. (2004), who reported 85% of 
isolates from diseased seedlings to be pathogenic on both corn and soybeans, and more than 
50% to be highly aggressive. Interestingly, the recovery of pathogenic Pythium spp. in the 
corn-soybean rotation has been reported to be higher than under continuous corn (Zhang et 
al., 1998).  
Poor performance of Phytophthora-resistant cultivars in Illinois has been related to a 
high diversity of field isolates (Malvick and Grunden, 2004), although there is no 
information currently available regarding the variability of Phytophthora sojae populations in 
Iowa fields. Moreover, there are also reports that the corn-soybean rotation does not 
effectively manage SCN (Chen et al., 2001), the pathogen that causes the greatest yield loss 
in soybeans in the United States (Wrather et al., 2003). 
Within the corn-soybean rotation, there may have an inadvertent selection for more 
pathogenic root-infecting species, thereby increasing root damage. One problem with this is 
that there have been reports that isolates of Pythium and Rhizoctonia are becoming resistant 
to commonly used fungicide seed treatments (Broader et al., 2007; Dorrance et al., 2003). 
 
 129
Thus, an increased knowledge of the role of Pythium and Rhizoctonia in the corn-soybean 
rotation is necessary for improving crop productivity in Iowa. 
Multiple experiments have demonstrated the importance of soybean roots on yield 
components (Pantalone et al., 1996; Sanders and Brown, 1976; Sullivan and Brun, 1975). 
However, information on the relationship between early season root health and plant 
performance in soybeans is missing. There are reports from different crops that seedling root 
growth is related to dry matter accumulation, early vigor responses, and yield. For example, 
Richner et al. (1997) found significant positive correlations between corn silage yield with 
root surface area and densely branched root systems at the seedling stage, while Asady et al. 
(1985) reported seedling root penetration through compacted layers of soil to be positively 
correlated with growth and yield of field bean (Phaseolus vulgaris L.). Infection of soybean 
root pathogens early in the season has the potential to decrease overall root fitness by 
decreasing root size, length, surface area, and water and nutrient absorption and this raises 
the question whether early soybean root health relates to yield. We hypothesize that reduced 
root health may limit yield, thus, soil fumigation of soybeans fields that have been under 
corn-soybean rotation would have the potential to overpass actual yields. Furthermore, earlier 
soybean planting dates will favor root infection by pathogens that prefer cool and wet 
conditions. For soybean, this would be a preference for Pythium spp. over Phytophthora spp., 
and Rhizoctonia spp. Moreover, SCN infection develops along root growth, and incidence of 
these pathogens could be exacerbated under high nematode pressure or in cultivars that lack 
SCN-resistance. Therefore, the objectives of this research were i) to determine the incidence 
of three soilborne pathogens in a fumigated vs. non-fumigated soil using early planting 
practices for optimum yield; ii) to determine if soil fumigation improves yield; and iii) to 
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evaluate different soybean cultivars for incidence of pathogens according to their SCN-
resistance backgrounds. 
Materials and methods 
The study was conducted from 2004 through 2006 at two locations (Nevada and 
Whiting) in Iowa. At each location, 4 ha of land were fumigated with Telone-35 ® (Dow 
AgroSciences, Indianapolis, IN) that consisted of a mixture of 61.1% 1-3 dichloropropene 
and 34.7% chloropicrin applied at a rate of 113 kg a.i. ha-1 at 30 cm depth. Fumigation was 
conducted in the fall except only for Nevada 2005 where fumigation was done in the spring 
due to weather conditions.  
Six soybean cultivars with different SCN resistance backgrounds (Table 1) were 
inoculated with Bradyrhizobium japonicum (EMD Crop Bioscience, Brookfield, WI). Plots 
were established using an Almaco grain drill (Almaco, Nevada, IA) and were 3 m by 6.7 m 
in 38 cm row spacing, and planted at a seeding rate of 420,000 seeds ha-1. For weed 
management, glyphosate [N-(phosphomethyl) glycine] was applied twice during the growing 
season at a rate of 0.86 kg a.e. ha-1 on the glyphosate tolerant cultivars. In non-glyphosate 
tolerant cultivars, weed management was conducted with sethoxydim (2-{1-(ethiixyimino) 
butyl}-5-{2-(ethylthio) propyl}-3 hydroxy-2-cyclohexen-1-one (sethoxydim)) at a rate of 
525g a.i. ha-1 and acifluorfen (5-[2-chloro-4-(trifluoromethyl) phenoxy]-2-nitrobenzoic acid) 
at a rate of 280 g a.i. ha-1. 
Immunoassays: At 21 days after emergence or V2 growth stage (Fehr and Caviness, 
1977), 10 randomly selected soybean seedlings were dug from the outside rows of each plot 
with a spade, placed in ziplock bags, and transported to the laboratory in coolers. Each 
seedling was assessed for root health on a 1 to 5 rating system, based on the total percentage 
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of roots with discoloration and decay (Sumner et al., 1985). Incidence of Phytophthora was 
determined with enzyme linked immunosorbent assay (ELISA) kits (Agdia, IN, USA), and 
plates were read at 405 nm. Pythium and Rhizoctonia incidence was also determined by 
ELISA (Neogen Europe Limited, Scotland, UK) but plates were read at 620 nm. Plate 
reading was conducted with a PowerWave X Microplate Reader (BioTek Instruments, Inc., 
Winooski, VT). Samples were considered positive when readings were equal or greater than 
two times the reading of the negative control. In addition to the antibody-coated well 
(sensitized), samples for Pythium and Rhizoctonia were tested in unsensitized wells (with no 
antibody) and the absorbance value at 620 nm was subtracted from the mean value of the 
antibody-coated wells to eliminate backgrounds reactions from the calculations (Miller et al. 
1997). 
Isolation from diseased seedlings: At 21 days after emergence or V2 growth stage 
(Fehr and Caviness, 1977), five randomly selected plants were excavated from the outside 
rows of each plot with a spade, placed in ziplock bags, placed in coolers and transported to 
the laboratory where they were stored at 4oC. Isolations from seedlings were made according 
to the methodology by Rizvi and Yang (1996). Seedlings were rinsed under running tap 
water for 1 hour, surface disinfested for 1 min with 0.53% sodium hypochlorite, and rinsed 
with sterile distilled water. Three segments 2 to 3 mm long were cut from the margin of 
lesions and roots and then placed on water agar, and incubated in the dark at 20oC (Rizvi and 
Yang, 1996). Under a dissecting scope, hyphae from the edges of emerging fungal colonies 
were transferred to water agar and potato dextrose agar.  
Pathogenicity tests: Thirty-one randomly selected Pythium spp. isolates from all 
locations were used for pathogenicity test. Pathogenicity was based on a Petri dish test 
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(Zhang and Yang, 2000) and hypocotyl wound inoculation technique (Rizvi and Yang, 
1996). For the Petri dish test, Pythium spp. isolates were transferred to 1% water agar and 
allowed to grow for one week at room temperature. Soybean seeds of the cultivar Kenwood 
(Iowa State University, Ames, IA) were surface sterilized 3 min with a 1% sodium 
hypochlorite solution and washed with running tap water for 5 min. Ten seeds were placed in 
a Petri dish with the Pythium spp. culture and 10 seeds on water agar medium as a control. 
Plates were incubated at 10oC in the dark for 7 d and moved to room temperature for 2 d 
where after assessed for disease. There were three replications per isolate arranged in a 
randomized complete block design. The rating scale for pathogenicity used was described by 
Broders et al. (2007): 0=100% seed germination with no visible infection; 1=70 to 99% 
germination with lesions on the roots; 2=30 to 69% germination with coalesced lesions; 3=0 
to 29% germination and all seed tissues colonized.   
Soybean cyst nematode populations: Initial (Pi) and final (Pf) soybean cyst nematode 
populations were determined with composite samples of ten 2.5 by 15 cm soil cores per plot. 
Egg extraction was done at the Iowa State University Nematology Laboratory using the 
methodology described by Tabor et al. (2003).  
Agronomic data: Prior to harvest, agronomic variables were collected in the field 
included stand counts, height, and lodging. To determine plot yield, the middle rows of each 
plot were harvested using a small plot combine (Almaco, Nevada, IA) and final yield was 
adjusted to 130 g kg-1 moisture. 
Data analysis: The experimental design was a two-way factorial in a split plot 
arrangement. Whole-plot treatments were fumigated and non-fumigated soil. The sub-plot 
factors were six soybean cultivars arranged in a randomized complete block with four 
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replications. Cultivars and locations were considered fixed effects. Years and replications 
were considered to be random effects. Homogeneity of variance for each variable across 
years was tested by Bartlett’s χ2 (Steele and Torrie, 1980). For mean comparisons for 
Rhizoctonia spp. and Phytophthora spp. incidence data were subjected to arcsin 
transformation. Nematode population mean separation and Pf/Pi calculations were made on 
log 10 (x+1) transformed values. Data were analyzed with PROC MIXED of SAS version 9.1 
(SAS Institute, 2002). Least significant difference (LSD) tests at the 0.05 level were 
calculated to compare main plots and subplots. Simple phenotypic correlation coefficients 
among incidence of each pathogen, yield, and nematode populations were computed with 
PROC CORR, and PROC CORR SPEARMAN of SAS version 9.1 (SAS Institute, 2002). 
Root health rating and data from pathogenicity tests were analyzed through the 
nonparametric approach described by Shah and Madden (2004), and cultivars and isolates 
were compared using contrasts (Broders et al., 2007). 
Results 
In 2004 and 2005 an above-average and below-average precipitation was observed at 
both locations, respectively. Weather conditions in 2006 were close to normal for the two 
locations (Table 2). Based on laboratory soil tests at the Iowa State University Soil Testing 
Laboratory, there were no indications of a change in soil fertility due to fumigation. The 
predominant soil type was classified at Nevada as a Webster clay loam (fine-loamy, mixed 
mesic, Typic Hapludolls), with pH 7.6, 21 mg kg-1 P, 234 mg kg-1 K, 54 g kg-1 organic 
matter, and 5.2 g kg-1 of NO3--N. Soil at Whiting was classified as a Salix silty clay loam 
(fine-silty, mixed mesic, Typic Hapludolls), with a pH 6.1, 56 mg kg-1 P, 489 mg kg-1 K, 39 g 
kg-1 organic matter, and 19.2 g kg-1 NO3--N.  
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No interactions were found for height, final plant population, and yield. NE3001 and 
SOI2642 were the shortest and the tallest cultivars, respectively. PB291N had the lowest and 
NK-S25J5 had the highest final plant population, respectively (Table 3). Yield was 1500 kg 
ha-1 greater in Whiting than in Nevada, and an increase of 400 kg ha-1 was associated with 
fumigation (Table 3). For yield, cultivars ranked IA2068 > PB291N ≥ SOI2642 > NK-S25J5 
≥ NK-S32G5 ≥ NE3001, with no differences among NK-S25J5, NK-S32G5, and NE3001. 
There was a location by cultivar interaction for Pythium spp. incidence driven by 
IA2068 having a lower incidence at Whiting than at Nevada, and the lowest observed 
incidence among cultivars (Table 4 and Table 5). Differences among cultivars were evident 
at Whiting but not at Nevada. At Whiting, for Pythium spp. incidence cultivars ranked 
NE3001 = NK-S25J5 ≥ SOI2642 ≥ NK-S32G5 ≥ PB291N > IA2068 (Table 5). Fumigation 
reduced Pythium spp. incidence by 27% (Table 4). Orthogonal contrasts showed inconclusive 
evidence of increased incidence of Pythium spp. in SCN-susceptible cultivars compared with 
SCN-resistant cultivars (P=0.09). Eighty percent of the Pythium spp. isolates used in the 
hypocotyl inoculation test developed lesions that extended from the wound or killed the 
plant. 
Rhizoctonia spp. incidence was not affected by location or fumigation (Table 4), and 
there were no differences among cultivars or between SCN-resistant and SCN-susceptible 
cultivars. The three-way interaction for Phytophthora incidence (Table 4) was inconclusive 
evidence of a decreased incidence caused by fumigation and data will therefore not be 
presented.  
There were no differences detected for SCN Pi at any location, although populations 
tended to be lower at Whiting than at Nevada (Table 4). There was a location by fumigation 
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by cultivar interaction for Pf that was inconclusive. The two way interaction of cultivar by 
location for Pf indicated that SCN-resistant cultivars at Nevada were greater than at Whiting.  
A location by cultivar interaction for Pf/Pi was found (Table 4). No differences in 
Pf/Pi among cultivars were detected in Nevada. Inconclusive evidence of an increase in Pf/Pi 
for NE3001 (P=0.09) was found at Whiting when compared with Nevada. Differences 
among cultivars at Whiting were significant. NE3001 had the highest Pf/Pi and IA2068 the 
lowest (Table 6). 
For visual root health ratings (RHR), cultivars ranked SOI2642 ≤ PB291N ≤ NE3001 
≤ IA2068 ≤ NK-S25J5 < NK-S32G5 (Table 4). The cultivar NK-S25J5 was also significantly 
different from SOI2642. Contrasts indicated that SCN-resistant cultivars had healthier root 
systems than SCN-susceptible cultivars (P=0.002). 
Correlation coefficients (Table 7) indicated that yield was negatively correlated with 
Pythium spp., Pi, Pf, and RHR; and positively correlated with Rhizoctonia spp. incidence. 
Pythium spp. incidence was positively correlated with Pi, Pf, and RHR. Interestingly, 
Rhizoctonia spp. incidence was positively correlated with Pi and negatively correlated with 
RHR. Phytophthora spp. was positively correlated with Pf. 
Discussion 
Plant population varied depending on the cultivar. The lowest plant population was 
recorded for PB291N that also had the second highest yield (Table 3). It has been 
documented that yield often is related to the maintenance of critical final plant population 
(Athow and Caldwell, 1975) because under low plant populations, soybeans will compensate 
for space by allocating more dry matter to branches (Board, 2000; Carpenter and Board, 
1997). For Iowa, the critical final plant population has been determined to be 240 000 plants 
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per hectare (De Bruin and Pedersen, 2007) and all cultivars in this experiment had plant 
populations above that critical level. This is important because if fumigation did not 
contribute to the achievement of that critical final plant population, then most likely, 
improved root health was responsible for the 400 kg ha-1 difference between the fumigated 
and the non-fumigated soil (Table 4). There are reports of increased soybean yields after 
fumigations (Gray, 1978; Kittle and Gray, 1982; Weaver et al., 1985). The highlight of these 
experiments was the striking differences in root health between the fumigated and non-
fumigated plants and the isolation of pathogens from roots (Gray, 1978; Kittle and Gray, 
1982). Similar results were obtained by Sumner et al. (1985) on fumigated corn fields, where 
fumigation caused a 7.5% increase in average yield and suppressed diseases caused mainly 
by Pythium spp. and Rhizoctonia AG-4.  
Although there were no significant differences between the two locations in this study 
for incidence of any of the pathogens, Nevada consistently had greater values of incidence of 
Pythium spp., Rhizoctonia spp., Phytophthora spp., and root health ratings than Whiting. 
This was expected since Nevada soils have greater clay content than Whiting and they are 
considered poorly drained, conditions that are particularly conducive for Pythium spp. and 
Phytophthora spp. infection. Interestingly, at both locations Pythium spp. incidence was 
always greater than Rhizoctonia spp., and both were consistently greater than Phytophthora 
spp. These results are contrasting with the work by Killebrew et al. (1993), who reported 
very low recovery of Pythium spp. in soybean seedlings. The observed low incidence of 
Phytophthora in seedlings may be related to the low temperatures associated with early 
planting practices to maximize yield. Phytophthora infection is favored by high temperatures 
(Guy et al., 1989; Ward and Lazarovits, 1982) while the Pythium spp. complex includes 
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species with different temperature requirements for infection (Schlub and Lockwood, 1981), 
with some pathogenic species favored by low temperatures (Thomas et al., 1975). Low 
prevalence of Phytophthora has been previously documented (Rizvi and Yang, 1996), and 
even the susceptible cultivars like IA2068 had less than 10% infection (Table 3). Due to low 
Phytophthora detection in plants, no attempt to recover isolated was done.  
Fumigation may enhance plant growth through a reduction in pathogens and an 
increase in non-pathogenic microbe populations (Martin, 2003), that leads to a change in 
competition levels within microbial populations (Ladd et al., 1976; Ridge, 1976). Fumigation 
reduced Pythium spp. incidence at both locations. Sumner et al. (1985) found similar results 
in fumigated corn fields where fumigation suppressed diseases caused by Pythium spp. and 
Rhizoctonia AG-4, Pythium spp. was also recovered from fumigated soil, as it has been 
previously reported after fumigation with methyl bromide and chloropicrin (Warcup, 1976). 
There was no evidence of reductions in Rhizoctonia spp, Phytophthora spp., or SCN 
populations, which could be related to the type of survival structures, type and doses of 
fumigant and its application, or differences in the ability to re-colonize from a deeper layer in 
the soil profile that escaped the fumigant. There is also the possibility that after application, 
some of the fumigant was lost because the top layer of soil was not packed enough to retain 
it. Rhizoctonia survives mainly as sclerotia, hard mycelial structures that could have survived 
fumigation. In the case of SCN, there are actually reports of increased nematode population 
after fumigation with ethylene dibromide (Weaver et al., 1985) and 1, 3-dichloropropene and 
chloropicrin in Iowa (De Bruin and Pedersen, 2007). An explanation of why Phytophthora 
spp. incidence was not reduced by fumigation cannot be given. It may be possible that 
Phytophthora populations are naturally low in Iowa, and incidence still would be low when 
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planting occurs at warmer temperatures. More information on the status of Phytophthora 
populations in Iowa fields is needed, as well as the races present.  
Studies on the effect on fumigation on soybeans with methyl bromide and metham 
resulted in greater root health (Gray, 1978; Kittle and Gray, 1882). There were no statistical 
differences in root health rating between fumigated and non-fumigated soils except for an 
inconclusive evidence (P=0.06) of an increased root health in IA2068. 
Differences in incidence of pathogens and root health ratings were dependent on 
cultivar. At Whiting, the cultivar with the lowest Pythium spp. incidence was IA2068. This 
cultivar also had the lowest Pfs. The inconclusive evidence of greater Pythium spp. incidence 
in SCN-susceptible cultivars could be an indication of interaction between the pathogens. 
Although Pythium spp. enters the root through direct penetration of the exodermis (Brown 
and Kennedy, 1965), SCN could facilitate entrance and spread of the fungus in the root. 
Thus, the use of SCN-resistant cultivars could have an additional advantage, as this pathogen 
also interacts with sudden death syndrome (Fusarium virguliforme) and brown stem rot 
(Phialophora gregata) (Tabor et al., 2003; Xing and Westphal, 2006). Rhizoctonia incidence 
did not differ among cultivars, which may be an indication of resistance for this pathogen not 
available in commercial cultivars (Bradley et al., 2001).  
Nematode populations at harvest (Pf) and Pf/Pi varied according to cultivars and 
locations. At Nevada, SCN-resistant cultivars had greater Pfs than at Whiting. Factors that 
could be related to the observed response may be related to the ability to overcome SCN 
reproduction in resistant cultivars. It has been documented that resistant cultivars compensate 
for damage by increasing root length (Miltner et al., 1991). Under poorly drained soils like in 
Nevada, resistant cultivars may have had the ability to increase the root length more than 
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susceptible cultivars, thus, nematodes would still have a substrate to feed on and final counts 
would be higher for resistant cultivars. Contrastingly, the cultivar by location interaction for 
Pf/Pi indicated that at Whiting, SCN reproduction in SCN-susceptible cultivars was higher 
than in SCN-resistant cultivars, which would indicate that better soil conditions favor both 
the susceptible host and the pathogen.   
Correlation coefficients indicated that Pythium spp., SCN, and root health ratings 
were negatively correlated with yield. Although no conclusions can be drawn, this may 
represent evidence of Pythium spp. being a greater contributor to decreased root health than 
Rhizoctonia spp. and Phytophthora spp. Interestingly, there are reports in the literature of 
Rhizoctonia solani significantly reducing the severity of bean root rot caused by Pythium 
ultimum (Pieczarka and Abawi (1978). The strong correlation with yield could indicate 
Pythium spp. could also act synergistically with other root pathogens like Fusarium, as it has 
also been documented in common bean (Pieczarka and Abawi, 1978). This in part explains 
why greater Rhizoctonia spp. incidence resulted in greater root health rating and an apparent 
increase in yield. Because pathogenicity tests were not conducted with Rhizoctonia isolates, 
the possibility of the isolates in our fields not to be pathogenic cannot be discarded, or to 
belong to the group that do not cause root rot (Dorrance et al., 2003). 
Conclusion 
Pythium spp. was the most prevalent seedling pathogen, which may support the 
hypothesis that earlier planting practices will favor Pythium spp. infection more than 
Rhizoctonia and Phytophthora. Fumigation increased yield, reduced Pythium incidence, and 
caused and increase in yield of 10%, which could be related to improved root health, because 
there were no reductions in plant stand below a critical level to achieve maximum yield. 
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Based in our findings, there could be a positive correlation between yield and early season 
root health. We concluded that the observed yield increase due to fumigation may have been 
associated directly with increased root health. Soybean cyst nematode was the pathogen most 
related to decreased yields. Furthermore, SCN-susceptible cultivars may be exposed to 
increased Pythium spp. damage, which may also influence yield. 
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Table 1. Cultivars, companies, and sources of resistance to soybean cyst nematode (SCN) 
used in 2004 to 2006 field trials in Iowa. 
Cultivar Company SCN source of resistance 
IA2068  Iowa State University, Ames, IA PI88788 
NE3001 University of Nebraska, Lincoln, NE Susceptible 
NK S25J5  Syngenta Seeds, Minneapolis, MN Susceptible 
NK S32G5 Syngenta Seeds, Minneapolis, MN Susceptible 
PB291N Prairie Brand Seed, Story City, IA PI88788 
SOI2642 Sands of Iowa, Marcus, IA PI88788 
  
 
    
Table 2. Cumulative precipitation from planting until 21 days after emergence (DAE) at two locations in Iowa (Nevada and 
Whiting) in 2004 to 2006 field experiments.  
Location 2004 2005 2006
 Precipitation  Average
temperature  
 Precipitation  Average 
temperature  
Precipitation  Average 
temperature  
     mm oC mm oC mm oC 
Nevada       
      
147 
Planting - 21 DAE 
 
207 (+91)† 17.2 (+1.1) 85 (-31) 17.0 (+0.9) 203 (+87) 19.3 (+3.2) 
Whiting       
Planting - 21 DAE 180 (+68) 16.6 (0) 103 (-9) 15.6 (-1.0) 173 (+61) 19.5 (+2.9) 
†Number in parenthesis is the deviation from the 30-year average precipitation and temperature of the month of May for the 
location. 
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Table 3. Height, final plant population, and yield of six soybean cultivars at two locations in 
Iowa (Nevada and Whiting) in 2004 to 2006 field experiments. 
Treatment Height Plant population  Yield 
 cm plants ha-1 kg ha-1
Location    
Nevada 79 319000 3432 
Whiting 94 300500 4934 
LSD (0.05) NS† NS 1469 
    
Fumigation (F)    
Non-fumigated soil 85 301300 3981 
Fumigated soil 88 318200 4385 
LSD (0.05) NS NS 366 
    
Cultivar (C)    
IA2068 88 305600 4940 
NE3001 73 325400 3641 
NK-S25J5 81 321700 3851 
NK-S32G5 92 302400 3705 
PB291N 91 277200 4504 
SOI2642 94 326100 4456 
LSD (0.05) 5 31500 255 
    
ANOVA    
L X F NS NS NS 
L X C NS NS NS 
F X C NS NS NS 
L X F X C NS NS NS 
†NS, no significant differences at the P ≤ 0.05 probability level. 
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Table 4. Incidence of Pythium spp., Phytophthora spp., and Rhizoctonia spp. in soybean 
seedlings 21 days after emergence, and soybean cyst nematode populations at two locations 
in Iowa (Nevada and Whiting) in 2004 to 2006 field experiments. 
Treatment Pythium spp. Rhizoctonia
spp. 
Phytophthora 
spp. 
Pi§ Pf¶ Pf/Pi# RHR†† 
 (%) (%) (%) 
eggs 100 
cm-3 soil 
eggs 100 
cm-3 soil   
Location (L)        
Nevada 77a† 49a 11a 2359a 5927a 1.3a 3.4a 
Whiting 67a 43a 7a 803a 6354b 2.4a 3.1a 
        
Fumigation (F)        
Non-fumigated soil 86a 47a 9a 1753a 5015a 1.6a 3.4a 
Fumigated soil 59b 45a 8a 1409a 7266a 2.1a 3.0a 
        
Cultivar (C)        
IA2068 64c 50a 8a 1758a 2150c 1.4a 3.2bc 
NE3001 75ab 48a 12a 1400a 11552a 2.6a 3.2bc 
NK-S25J5 79ab 46a 10a 1658a 8850a 2.1a 3.3b 
NK-S32G5 70bc 41a 8a 1568a 9497a 1.8a 3.5a 
PB291N 70bc 51a 8a 1545a 2527b 1.6a 3.2bc 
SOI2642 77ab 40a 7a 1558a 2268b 1.8a 3.1c 
        
ANOVA        
L X F   NS‡ NS NS NS NS NS NS 
L X C ** NS NS NS *** *** NS 
F X C NS NS NS NS NS NS NS 
L X F X C NS NS * NS * NS NS 
*,**, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
†Values in each column followed by the same letter are not significantly different at the 0.05 
probability level. Mean separation was made on log10(x+1) transformed values. 
‡NS, no significant differences at the P ≤ 0.05 probability level. 
§Soybean cyst nematode population at planting.  
¶Soybean cyst nematode population at harvest.  
#Pf/Pi calculations were made on log10 (x+1) values. 
††RHR, root health rating data from 2005 and 2006. Scale based on percentage of root 
discoloration and decay. 1= 1-2%, 2= 2-10%, 3 =11-50%, 4 =greater than 50%, and 5 = dead 
plant.  
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Table 5. Location by cultivar interaction on Pythium spp. incidence at two locations in Iowa 
(Nevada and Whiting) in 2004 to 2006 field experiments. 
Cultivar Nevada Whiting 
   
IA2068   77a† 50b 
NE3001 70a 79a 
NK-S25J5 79a 79a 
NK-S32G5 76a 65a 
PB291N 79a 62a 
SOI2642 77a 77a 
† Within rows, means followed by the same letter are not significantly different at the 0.05 
probability level.
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Table 6. Mean Pf/Pi for six soybean cultivars at two locations in Iowa (Nevada and Whiting) 
in 2004 to 2006 field experiments.  
Cultivar Nevada Whiting 
 Pf/Pi 
IA2068 1.4 1.3 
NE3001 1.2 4.0 
NK-S25J5 1.2 3.0 
NK-S32G5 1.2 2.4 
PB291N 1.1 2.1 
SOI2642 1.8 1.7 
LSD (0.05) 1.3 
†Pf/Pi, ratio of final soybean cyst nematode population (at harvest) by the initial population 
at planting. Calculated on log 10 (x+1) transformed values.
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Table 7. Phenotypic correlations between yield and Pythium spp., Rhizoctonia spp., and 
Phytophthora spp. incidence, soybean cyst nematode populations, and root health ratings.  
Variable Pythium Rhizoctonia Phytophthora Pi† Pf‡ RHR§ 
       
Yield    -0.17**        0.20***         -0.08    -0.24***    -0.43***    -0.43*** 
Pythium spp         0.02          0.07     0.15*     0.17**     0.22** 
Rhizoctonia spp           -0.01      0.17**    -0.10    -0.53*** 
Phytophthora spp.        -0.02      0.14*     0.01 
Pi          0.19***    -0.40*** 
Pf           0.17** 
*, **, *** Significant at the 0.05, 0.01, and 0.001 probability level, respectively. 
† Pi, initial soybean cyst nematode population.  
‡ Pf, final soybean cyst nematode population. 
§ RHR, root health rating.  
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CHAPTER 6.  GENERAL CONCLUSION 
 
The best characteristic that soybean roots have is their plastic response, which confers 
the plant the ability to adapt to changing soil environments and stresses. Plastic responses 
make difficult to have a clear definition of what a good and efficient root system is at a 
specific environment. The two highest yielding cultivars used in the first study (Chapter 2) 
had soybean cyst nematode resistance and had very contrasting root systems; one composed 
by roots of large diameter and the other composed by root of very fine diameter. We 
speculated about the advantages these root characteristics could have in alleviating stress 
caused by pathogens. Small diameter roots may represent a rapid turnover of root hairs 
colonized by pathogens and rapid root hair growth in areas where water and nutrients are 
present. On the other hand, large diameter root systems may serve as protection against 
pathogens, to penetrate compacted soils and thus, to reach water deeper in the soil profile. 
Soybean cultivars with the highest root length density did not have the greatest yields, which 
may have been associated with loss of carbon for pathogen damage compensation, mainly 
soybean cyst nematode (SCN). Fumigation increased root length density at two of our 
locations, although this increase was not reflected in yield. 
Arbuscular-mycorrhizal (AM) colonization did not seem to relate to yield in two of 
our locations (Chapter 3), although colonization was negatively correlated with yield at 
Nevada, the location with the lowest P in the soil and the greatest AM colonization. There 
was also a negative correlation between initial and final soybean cyst nematode populations 
and AM at De Witt. The reason why this occurred just at De Witt is not clear as many more 
factors that we worked on could be involved.  
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We suggested that early planting practices could favor root colonization by certain 
pathogens over mycorrhizae (Chapter 4) and our results demonstrated that common seed-
applied fungicides did not negatively affect AM colonization. It is possible that other 
pathogens like SCN are more aggressive competitors, and they are not negatively affected by 
the fungicide seed treatments we used.  
Overall, fumigation increased root length density at two locations, decreased Pythium 
spp. (Chapter 5), and its effect on SCN varied according to the environments. There was no 
indication of consistent reduction in incidence of any other pathogen included in this study. 
Small yield increases were detected, which indicates that biological stress may be negatively 
affecting yield. From all the pathogens studied, SCN was clearly the pathogen more closely 
associated with decreases in yield. In addition to previous reports of SCN interacting with 
sudden death syndrome (Fusarium virguliforme) and brown stem rot (Phialophora gregata), 
the evidence we present here of a possible interaction with Pythium spp and a negative 
interaction with mycorrhizae, makes this pathogens a top priority for breeding and 
management recommendations. 
This project was part of a large project funded by the Iowa Soybean Association 
looking at the potential soybean yield plateau that many farmers thought was occurring in 
Iowa. Because roots are often underestimated or completely ignored, and root health 
problems are often associated with decreased yields under monoculture due to greater 
pathogens pressure, we considered this could be a yield limiting factor. Fumigation was the 
heart of the study, as the classic tool that has been used to study root health. Overall, we did 
not find the dramatic increases in yield after fumigation that has been reported previously in 
the literature for many crops. We cannot point at a single factor that could have caused this, 
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but we have speculated that some of the fumigant may have been lost due to a loose top layer 
of soil. The lack of consistent yield responses may be related to an unexpected increase in 
final nematode populations associated with fumigation. This study showed that soybean root 
health and root characteristics may not be a yield limiting factor, and could contribute more 
to yield stability than to yield increases. In most of our experiments, yield seemed to be 
determined by host resistance to major pathogens such as SCN, which is known to act 
synergistically with other major pathogens. 
Future research 
For future research, we have identified factor that could be improved. From the stand 
point of experimental design, smaller plots and more replications for the whole plot factor (in 
our case, fumigation) within locations would have improved our ability to detect differences 
between fumigated and non-fumigated controls. Furthermore, our study was planned based 
on several reports of the bulk of the soybean root system to be localized in the upper soil 
profile, an assumption that we considered enough to measure the response of different 
cultivars to soil fumigation. The sampling methodology was adequate for this and we were 
able to detect those differences, however, more questions were raised after data were 
analyzed. Root depth could have been an important variable to measure. Whether E2620RX 
and IA2068 had deeper root systems than the other cultivars, or if the proportion of very fine 
roots of E2620RX escaped sampling are questions that still need to be addressed.  
Future experiments would also have to account for root death and turnover under 
different levels of pathogen pressure. There might be differences in root longevity among 
cultivars that can be intimately related with the ability of roots to overcome biological stress. 
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A greenhouse experiment could provide evidence of SCN-susceptible cultivars using 
compensatory growth as a general response to nematode infection.  
Mycorrhizal status of soybean in the field does also need to be studied in more detail. 
There was an indication in our study that natural AM colonization may be detrimental for 
yield, but we cannot draw conclusion since this is observational. Identification and 
propagation of the predominant AM strain from Nevada would be necessary to test this 
hypothesis. Important variables to include in this study would be the vesicular, arbuscular, 
and hyphal colonization, as well as the ratio arbuscules to vesicles as an indication of 
possible parasitism.  
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